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\ scanning microdensitometer has been constructed for the purpose of analyzing spectro- 


graphic plates 
accuracy over other methods 


The instrument facilitates reading the data and increases the speed and 


\ small section of the plate is scanned at one time and converted to a magnified X—\ 


plot of density versus wavelength displayed on the screen of a cathode ray oscilloscope 


The 


display includes an electronically produced fiducial line which is used as a reference point 


for measurements of line position. 


An alternate type of display 
cludes the superposition of the mirror image trace on the original trace. 


used which in- 
This is preferred 


may be 


in some cases for setting on unsymmetrical lines. 
Resolution to better than 0.001 millimeter on the plate is consistently obtained, and the 


fiducial line remains stable to this precision for several hours 


Provision is made for observ- 


ing up to five adjacent spectrograms on a single plate 


1. Introduction 


Wavelength measurements of spectral lines may 
be made by accurately comparing the relative posi- 


tions of the images recorded on a spectrograph plate. 
If the lines are sharp and distinet they may be sealed 
by an operator using a visual microscope having a 
suitable arrangement of cross hairs and a calibrated 
lead screw for advancing the spectrograph plate. 
However, if the lines are faint, unsymmetrical or 
superimposed on other lines, visual 
difficult. 

Greater accuracy and convenience is obtained by 
the use of a scanning microscope used as a micro- 
densitometer to convert the image densities into ana- 
log values, these being presented as a display on a 
cathode ray oscillograph. The use of such a display 
of density versus wavelength in analyzing spectro- 
graph plates is not new.' However, an electronic 
scanning microscope (figs. land 2) has been devised 
which incorporates certain refinements in the prin- 
ciples of operation of a device of this type. The in- 
strument shown was engineered to rapidly sean 
spectral lines (on a plate) and convert them into a 
magnified X-Y coordinate plot, which is displayed 
on a cathode ray screen. This device produces an 
unusually stable and sharply defined display of the 
X-Y plot of densities versus wavelength. 

An electronically generated fiducial index has been 
integrated into the sytem in such a way that unusual 
stability has resulted in respect to the wavelength 
position which it indicates. This fiducial index ap- 
pears on the cathode ray screen display superimposed 
upon the X-Y plot of the spectral pattern. The 


reading is 


ing device for a spectrum plate comparator, by F. 8 
, J. Opt. So 41, p. 641 (Sept. 1951 


integrated generation of a fiducial index makes it 
possible to manipulate any of the normal controls 
of the oscilloscope without engendering any relative 
motion between the fiducial index and the X-Y 
plot. 

The overall stability of the display together with 
the relative stability of the fiducial index line is 
sufficient to insure wavelength position readings 
within an accuracy of 0.001 mm or better when 
interpolating these wavelength positions from spec- 
tral lines of a parallel track on the same plate. In 
order to obtain absolute measurements of wavelength 
it is customary to record the spectrum of a standard 
source on an adjacent track on the same spectro- 
graph plate. This makes it more convenient and 
more accurate to obtain a measurement of the rela- 
tive positions of unknown spectral lines for accurate 
interpolation of their absolute wavelength. 

The photographic density of the spectral lines as 
recorded on the plate may be read directly from the 
oscilloscope since d—c amplification of the scanned 
signal is employed throughout. The determination 
of ordinate deflection versus density calibration of 
the oscilloscope is not difficult, since the instrument 
vields the same deflections for static densitometer 
readings. Thus, with or without scanning, a stand- 
ard density step wedge may be inserted in place of 
the spectrograph plate when calibrating the ordinate 
deflection representing densities. The instrument 
as presently designed yields a linear relationship 
between light intensities and ordinate deflections. 
This will ordinarily make it difficult to read photo- 
graphic densities much above 2.2 with any degree 
of accuracy. For densities below 2.2 it is possible 
to obtain density readings with an accuracy of 
approximately 5 percent. 
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FIGURE 1. Optical system. 


2. Electronic Scanning Microscope 
Operational Goals 


Basically, an ordinate-line scanning microscope 
will provide video signals for a density versus wave- 
length display on a cathode-ray tube. In order that 
such a display may be useful for making measure- 
ments of a spectrograph-plate, it must first be stable 
and free of drift. Secondly, for precision measure- 
ments, the display should have a “generated” fiducial 
index which ts related electronically in a very stable 
fashion to the optical axis of the microscope. Cen- 
tering-drift of the oscilloscope will then be relatively 
unimportant. Direct-current amplification of the 
ordinate or density signal is essential for making 
absolute density estimates from the display. In 
order to make precision wavelength measurements 
the spectrograph plate should preferably have a pair 
of coherently exposed ‘“‘standard” spectra (on the 
two outside tracks) such as thorium and_ iron. 
Figure 2. Operator’s view of assembled microscope, with the ( sing premeasured lines ol these standard spectra, 

electronic controls on the right. precise interpolation of the adjacent spectral tracks 





may be accomplished. In this procedure the electro- 
optical fiducial-index is used in conjunction with the 
micrometer lead screw for making precise settings on 
selected lines of the parallel spectral tracks. Inter- 
polation between the unknown and the standard is 
then accomplished by calculations from the microm- 
eter lead-screw readings used to advance the spectro- 
graph plate under the microscope. If the oscilloscope 
displays a highly magnified image (of the plate) 
which is very stable and free of noise, it is possible to 
resolve the settings more acutely, more rapidly, and 
with less eve strain than is possible with the con- 
ventional optical microscope. 


2.2. Optical Scanner 


The optical seanning portion of the instrument 
(figs. 1 and 2) consists of a special low-power micro- 
scope with a magnification of approximately 10 diame- 
ters. Immediately behind the objective lens a dichroic 
mirror is inserted which splits the image beam into 


essentially equal parts of the visible spectrum. The 
red-vellow portion of the spectrum is delivered via 
bent optics to a viewing ground glass screen. The 


blue-green portion of the microscope beam is reflected 
from a vibrating mirror which is part of an electro- 
mechanical-optical transducer. Thence the oseil- 
lating beam impinges upon a slit of approximately 
0.125 mm width and 13 em length. Behind this slit 
five end-on photomultipliers are mounted, each of 
which receives the light from the lines of adjacent 
spectra on the same spectrograph plate. 

A miniature DuMont 6365, end-on photomultiplier 
was selected for this application because its small 
size permits close stacking behing the common slit 
and also because the 6365 yields a better signal to 
noise ratio than some other older types that were 
tried. Also the ‘‘dark noise” is probably reduced by 
keeping the unilluminated portion: of the photo- 
cathode to a minimum. The ideal photocathode 
might be which was only a little wider than the 
slit aperture in front of it. Individual separation 
adjustment of the photomultiplier tubes is provided 
along the slit aperture to compensate for differences 
in separation of the parallel spectral tracks. 

The vibrating mirror causes the 10 times magnified 
image of the spectrum to traverse the slit aperture 
before the photomultipliers. 
image through a very 
fashion and sweeps 


one 


This mirror scans the 
small angle in sinusoidal 
over a maximum of approxi- 
mately 0.5 mm on the spectrograph plate, with a 
slit-scanning resolution of 0.0005 in. or 12.7 un. The 
electromagnetic mirror transducer shown in figure 3 
consists of a miniature dynamic-speaker movement 
which impat ts a push-pull movement to one edge of 
the mirror while the other edge of the mirror 
affixed to a flexure plate made of phosphor-bronze. 


is 


This transducer is self-resonant at approximately 
100 cyeles and is driven electrically at a frequency 
slightly below resonance. It is excited by a sine 


wave source of moderately constant frequency 


derived from a high-Q LC-circuit oscillator followed 





FIGURE 3 


The electro-magnetic mirror transducer 


by a push-pull power amplifier. A gain control 
in this amplifier provides adjustment of the ampli- 
tude of vibration and hence of the scanning width 
on the spectrograph plate. A tilt adjustment has 
been provided for aligning the slit with the images 
of the spectrograph plate lines. If an identical 
spectral line (standard) is provided on the two out- 
side tracks of the spectrograph plate, the slit may be 
readily and precisely aligned by adjusting the slit 
for coherent ose ‘illograms of the se anning signals of 
these two outside tracks, 


as they are viewed on two 
separate oscilloscopes. 


2.3. Programed Oscilloscope Sweep 


The oscilloscope sweep as well as the source for 
the vibrating mirror transducer originates with the 
400-cycle oscillator. In the block diagram, figure 4, 
this oscillator (1) is shown as the prime source for 
the network of electronics. This oscillator signal is 
fed through a paraphase amplifier which splits the 
signal into two signals which are mutually 180° 
out of phase. These two opposite phased signals 
of 400 cycles each pass through a pair of 


cathode 
follower 


impedance changers (3 and 5) which in 
turn feed into a pair of asymmetric clamps (4 and 6), 
which alternately clamp off first one and then the 
other of these two opposite-phased signals. 
two asymmetric clamps are alternately turned “off” 
and “on” by the binary counter in such a manner 
aus to pass exactly one cycle of each phase signal i 
sequence to the cathode follower (7). Each cycle 
passed by the asymmetric clamp is turned ‘‘on” 
at the peak of the sine wave and “off”? at the next 
peak. The binary counter (12) is synchronized by 
means of the phase shifter (10) and the Schmitt 
trigger (11) to accomplish this precise timing for 
clamping the sine wave sweep signal at the crest 
of the sine wave. This paraphase sweep signal 
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FIGURE 4. The block diaara ) electron 
presented on alternate sweeps has the property of | During this single collapsed sweep interval the 


generating a mirror image presentation of the scanned 
area of the spectrograph plate. The mirror image 
may be superimposed on the normal image. See 
figure 5 for oscillogram of this complex sweep signal. 








Para phase 
1) Flyback blanking only 
b) Flyback and retrace blanking for dual-presentatior 
Flyback, retrace, and mirror image blanking 

! 


Figure 5. sweep-signal, and blanking signals. 





d) Flyback, retrace, and normal image blanking 
Flyback, and normal image blanking 
f) Flyback, irror image blanking 


The binary counter also drives a decade counter (13) 
which in turn operates the symmetric clamp (8). 
The symmetric clamp has the property of collapsing 
the output signal precisely to the center of the sine 
wave for exactly 1 out of every 5 cycles. It is this 
collapse of the sine wave sweep signal to its exact 
center or zero voltage position which results in the 
veneration of a stable fiducial line on the oscilloscope. 


4 


vibrating mirror transducer goes through its normal 
e¢yrations the vertical deflection of the 
oscilloscope to proceed in the normal manner with 
its signals from the photomultiplier. The normal 
deflection signals from the photomultipliers then 
plot the vertical fiducial line on the oscilloscope 
during this single collapsed sweep. 

[It will be noted that the same 400 evele oscillator 
(1) feeds the power amplifier (15) through the 
manual attenuator (9). This latter link provides 
the necessary power to operate the vibrating mirror 
transducer (16) which of course vibrates synchro- 
nously with the sweep signals since they both Op- 
erate from the primary signal source. <A 
manual attenuator (9) permits the selection of any 
width of scanning of the spectrograph plate from 
approximately 3} millimeter down to zero, by ad- 
justment of the transducer driver amplitude. The 
vibrating mirror transducer is a-c coupled to the 
amplifier through an impedance matching trans- 
former which also has the property of eliminating 
any d-c component from the amplifier which could 
tend to cause a d-e drift in the central position of the 
vibrating mirror. Also, the transducer 
driven by a coil in a magnetic field, there are no 
moving components in the vibrating mirror system 
to accrue residual magnetism which would tend to 
affect the stability of the central position of the mir- 
ror. The choice of a high (400 evele) seanning fre- 
quency permits a relatively rigid flexure-plate mount 
for the mirror, further insuring mechanical stability 
for positioning the nominal or central position of the 
mirror during its vibrating cvele, which precisely 


Causing 


sume 


since Is 


corresponds to the static position of the mirror when 
the transducer is at rest. The symmetric clamp (8) 
thus plots a stable fiducial line representing the rest 
position of the vibrating mirror. Since the sym- 
metric clamp (8) is a high-impedance cireuit which 
is sensitive to loading it is followed by the cathode- 
follower (14) to prevent any disturbance this 
clamping circuit. 


of 


2.4. Selective Blanking 


With the 400 cyele oscillator source (1), coming 
through (2), (3), (4), (7), (8), and (14) used directly 
for the oscilloscope sweep, a single pattern is traced 
during one-half of the eycle going from a peak to a 
trough of the 400 cycle source, while another (back- 
ward) retrace of the same pattern results from the 
other half of the 400 cyele signal which corresponds 
to the returning traverse of the mirror to its starting 
point. This retracing of the pattern during the last 
half cycle of the sine wave corresponding to the re- 
turn sweep of the mirror is useful for checking phase 
shift in the system but is generally undersirable for 
measurement observations, since it tends to broaden 
the trace and reduce acuity. Any change in separa- 
tion of the retrace pattern with respect to the normal 
trace is a sensitive indication of relative phase shift 
between the motion of the vibrating mirror and the 
oscilloscope electrical sweep. Any such phase shift 
can be manually nulled (compensated) rendering the 
retrace coincident with the nominal trace by adjust- 
ment of the phasing vernier (20). 

During the normal ‘‘reading” operation of the in- 
strument it is usually desirable to eliminate the re- 
trace pattern. This is accomplished by the one-shot 
multivibrator (17) providing a blanking signal to the 
oscilloscope during one-half of the sine wave sweep. 
The result is a steady-state “single”? sweep or uni- 
lateral disvley of the density versus wavelength in 
the scanned zone. However, a dual or bilateral dis- 
play of the same X-Y plot may be presented in 
superimposed fashion, while maintaining blanking 
of the retraces. The use of the paraphase sinusoidal 
sweep makes such a dual display possible with co- 
herent superimposition. Subsequently when the 
spectrograph plate micrometer screw is moved, the 
Inirror image presentation moves in the opposite di- 
rection with respect to the normal presentation. 
This provides another convenient mode of matching 
selected components of the pattern as they merge 
together at the center of the sweep. This method 
of matching the ‘mirror’ image with the ‘‘normal’”’ 
image is particularly useful when trying to “‘set’’ on 
an unsymmetrical line. With this method it is pos- 
sible to estimate an equal energy (spectral) distribu- 
tion on either side of the fiducial line with much 
better visual discretion than with a single presenta- 
tion. 

Control signals taken directly from the binary 
counter (12) are used to operate the “AND” gate 
(18) through manual selection provided by (19), per- 
mitting the operator to select either the normal or 
the mirror image presentation or both. An ON- 


OFF control for the one-shot multivibrator (17) 
permits the operator to select or reject the retrace 
pattern for both of the two paraphase sweeps. 
Whenever the one-shot multivibrator (17) is in the 
OFF position permitting viewing of the retrace it 
is not turned completely off but rather is returned 
to a minimum time interval (see fig. 5a) which is just 
sufficient to blank the flyback which occurs during 
the transition between the alternate sweeps. 


2.5. Typical Spectrum Patterns 


Some typical patterns for the spectra of thorium 
are shown in the illustrations figures 6 to 10. Tomp- 
kins and Fred (see footnote 1) demonstrated this 
type of oscilloscope display, in 1951, using a revolv- 
ing prism the scanning element. These are 
Zeeman patterns which have typical symmetry. 
However, the spectral illustrations show an insuf- 
ficiently small portion of the Zeeman pattern to 
reveal its symmetry. In figure 6a a portion of a 
Zeeman spectrum is shown first, in the “normal” 
single oscillogram form as resolved by this instru- 
ment; and secondly, in 6b, it is shown as it appears 
with the “mirror-image” oscillogram superimposed. 


as 











N NENTS’S 
ZEEMAN PATTER 
ENTER \ | 4088.725A 
Od :UNRE 
SPECTRUM ‘Th 
TYPE 3 
MPONENT 
: : = ‘ ” 
Figure 6a. Portion of Zeeman pattern shown in ‘‘normal 


presentation 


Fiagure 6b. Zeeman pattern of 6a shown as it appears in 


dual presentation (with mirror image superimposed). 


The latter is the “dual presentation.”” Figure 7 
shows the instrument’s ability to resolve some 
typical fine magnetic-splitting component (Zeeman) 
spectral lines with a minimum of noise in the oscillo- 
gram signal. The oscillograms shown in all the 
illustrations are unretouched photographs taken di- 
rectly from the instrument’s oscilloscope screen. 
The spectrograph plates used for these presentations 
were made with a dispersion factor of 0.881 A/mm. 

In figure Sb, the resulting oscillograph pattern of 
figure Sa representing the density versus wavelength 
of spectral lines has been superimposed upon a 
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Fiat RE 8. Portion of Zeeman pattern showing a oscillograph 
presentation onl and (b 
su perim posed photomicrograph of corresponding spectrogra pl 


plate 


oscillograph presentation with 


photomicrograph of the portion of the spectrograph 
plate which represents this scanning study. An 
examination of this photomicrograph concurrently 
with the associated oscillogram shows the remarkable 
integrating ability of the scanning system to elimi- 
nate the effect of the graininess of the spectrograph 
plate itself. This is not surprising when one con- 
siders that the scanning is accomplished with a line 
scanner rather than a point scanner. For with the 
line scanner each horizontal element scanned looks 
at a much larger equivalent vertical portion of the 
spectrograph plate than is shown in these photo- 
micrographic illustrations. 


2.6. Auxiliary Instrumentation 


When the operator tries to read very faint lines 
or grossly overexposed spectral lines he will find it 
rather difficult to obtain sufficient amplitude on the 
vertical deflection of the oscilloscope for adequate 
resolution. This condition will tempt the operator 
to increase the vertical gain of the oscilloscope to the 
point where portions of the pattern will deflect off 
the face of the oscilloscope. While this mode of 
operation does yield a better resolution for spectral 


nes representing very small increments of density, 

it makes it necessary to repeatedly re-center the 
display for practically every advancement of the 
spectrograph plate under the comparator lens. 
Nevertheless, this mode of operation seems to be 
highly necessary to enable the reading of very faint 
lines and very saturated lines but it becomes a most 
inconvenient the need for 
frequent re-centering of the display image. This in- 
convenience may be with an electronic 
attachment. 

In order to avoid constant resetting of the gain 
and centering controls, automatic electronic center- 
ing of a sampled segment is provided. A sampling 
system raises or lowers the signal trace so that the 
segment of interest appears in the sereen’s center 
regardless of the amplitude or complexity of the 
signal waveform. An auxiliary piece of equipment 
provides such automatic vertical centering of the 
image continuously and simultaneously for all four 
oscilloscopes. A block diagram of the electronic 
circuitry which accomplishes this useful automatic 
centering is shown in figure 9. The principle of 
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TO VERTICAL AMPLIFIERS DC COUPLED 
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FIGURE 9 futomatic image centering device 


operation of this device is relatively simple and con- 
sists of the following technique. The leading edge 
of the blanking signal from the sweep) generator 
circuitry is fed into a differentiator (1) which selects 
the negative transition of the blanking signal and 
provides a sharp pulse at that time. This negative 
pulse triggers a one-shot multivibrator phasing delay 
(2) which in turn provides a pulse output which 
occurs at the time the sweep is crossing the fiducial 
index line. This delayed pulse from (2) is used to 
trigger the sampling gate generator (3). The 
sampling gate generator is another one-shot multi- 
vibrator which generates a very short pulse whose 
duration is approximately 1 percent of the sweep 


period or sweep length. 
operates a 
switches (4). 


This sampling gate pulse 
multiplicity of diode-bridge clamp- 

The diode-bridge clamp-switches in 
turn provide for momentary grounding of the d—c 
return .end of the a-e coupling resistor (R) only 
during the time of the sampling gate. The five a-c 
couplings shown are conveying the output of the 
five photomultiplier signals to the d-c amplifiers of 
the corresponding oscilloscopes. Grounding the d-c 
return resistance of these a-c couplings only when 
the sweep is crossing the fiducial line causes that part 
of the display image to always come. to ground 
potential. This makes it possible to initially set the 
vertical centering of the oscilloscope so that the beam 
is vertically centered for a zero voltage or grounded 
input. The resultant displays obtained with this 
attachment under conditions will always 
produce a trace which crosses the fiducial line at the 
center of the CRO tube, regardless of the magnitude 
or position of the balance of the display. The diode- 
bridge clamp effectively provides a d-e return for 
the a-e coupling al only one point in a repetitive 
pattern of an asymmetric signal. Since the signal is 
repetitive, the grounding for a brief instant at the 
same repetitive phase time will result in the genera- 
tion of a bias on the load end of the a-e coupling 
condenser. After a time of about 5RC/d (d denotes 
duty evele) a steady state bias voltage is established 
on the load end of the coupling condenser, and the 
pulse current thru “R” falls to zero. Thus on subse- 
quent repetitions of the trace, the vertical signal 
passes thru a zero voltage point as it crosses the fidu- 
cial line during the gate-pulse interval. The time 
required for reaching a steady-state display after 
advancing the spectrograph plate is conveniently 
made about 0.2 see. 


these 


Figure 10 shows a detailed schematic of the clamp- 
switch. The diode-bridge clamp-switch is actuated 
by a pair of coherent pulses of opposite polarity 
which are repetitive at anv convenient rate. These 
pulses generate a bias voltage on the bridge end of 
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FIGURE 10. Diode-bridge clamp-swite h. 


these coupling condensers (C) which is nearly equal 
to the peak value of the control pulses. If these two 
control pulses come from a relatively low impedance 
driving source, a relatively high peak current will flow 
in the diodes for the brief time of that pulse, thus 
providing a very low resistance in all directions around 
the bridge. This results in the a-e signal being 
clamped to ground with the relatively low forward 
resistance of two diodes. In the interim between the 
control pulses all of the diodes are biased off by the 
accrued rectified bias charge on the coupling con- 
densers (C). So long as. this accrued bias on C 
exceeds the peak amplitude of the a-c signal to be 
clamped no clipping disturbance of the a-c signal 
will occur during the unclamped interval. 


The author thanks Herbert D. Cook and Louis 
A. Marzetta for their many helpful technical sugges- 
tions, and Paul Allison for his contribution of skilled 
craftsmanship in the fabrication of mechanical 
parts, 
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An account is given of the design, performance 


evlinder rotational viscoelastometer. 


The instrument 


3, 1960 


and method of operation of a concentri 


is designed for measurement of flow 


ind time-dependent elastic recovery of viscous elastic liquids for temperatures at which the 


Viscosity lies in the 


range of 10° to 10 
i range of time from 1 second to | day. 
flow when the apparent viscosity is not 


polses and the elastic recovery is to be studied ove! 
It is also suitable for measurement of non-Newtonian 
much less 


than the Newtonian VISCOSITY. The 


stator is a 1.5 inch precision bore glass tube, which permits \ isual observation of the sample. 


Interchangeable rotors 


weights through a torque drum 


rotor temperature 
friction is 2.5 104 
remperatures from 


aa) ide 


dyne-cm. 
70 to 160 


nonlinear behavior ure developed 


1. Introduction 


This papel vIVeS an account of the design, perform- 
ance, and method of operation of a concentric cylin- 
der rotational viscoelastometer for measurement of 
flow and time-dependent elastic recovery of viscous 
elastic liquids. The design is based upon that of an 
earlier simpler instrument which has been previously 
described |1];' the present instrument 
higher precision, greater experimental convenience, 
and more versatility 
tometer. 

The instrument is designed in the first place to 
measure linear viscoelastic behavior of low molecular 
weight polymers, and also of high molecular weight 
polymers in the rubber-liquid transition region, for 
the temperature range in which the viscosity lies in 
the range 10° to 10” poises. This represents roughly 
the range of temperature for which the time seale of 
elastic recovery lies in the range of 1 see to 1 day. 
The viscoelastic behavior of other miterials such as 
certain asphalts can also be investigated. Finally, 
the instrument can be used for the study of non- 
linear elastic and flow behavior over a limited range. 


possesses 


than the previous viscoelas- 


2. Design Principles 


The principles used in the design of the instru- 
ment and the relation of this method of measuring 
linear viscoelastic behavior to other methods will be 
briefly reviewed. It is well-known that noncross- 
linked amorphous polymers above the glass-transi- 
tion manifest a flow behavior which in general is 
non-Newtonian. Such materials are also viscoelas- 


Figure brackets indicate the literature references at the end of this paper 


radius ratios 0.21, 0.5 
Which are only slightly non-Newtonian and have a small compliance. 
Mirrors on the rotor 
permit Continuous re cording of the rotor position 
Che maximum torque is 5 
The maximum 


, 0.92 


C have been realized 
Instrument compliance, temperature gradient correction, and the effect of inertia 
ind friction on elastic recovery measurements 


are provided, the smallest for materials 
Torque Is applied by 
shaft and a photoelectric recorder 

Mercury slip rings permit monitoring of 
10° dyne-em, while the torque due to static 
surface shear stress is 6.5 10° 
‘End-effect”’ 


dyne-cm 


studies have been 


are discussed Data reduction methods for 


tic, that is, they possess elastic as well as flow prop- 
erties. Under conditions where the energy storage 
and the rate of energy dissipation are small, the 
response to shear stress is linear. The linear vis- 
behavior in shear of a material may be 
characterized completely by its behavior in a test 
with a specified stress history. The most important 
methods of specification are the response to sinu- 
soidal shear stress or shear strain history (dynamic 
tests) and the response to step-function shear stress 
or strain history (creep and stress relaxation tests). 
In the latter case the shear stress or shear strain is 
increased stepwise from zero to a given value and 
maintained constant thereafter. Other stress his- 
tories that have been considered are ramp function 
histories, in which the shear stress or strain is pro- 
portional to time [2], and impulse histories in which 
the stress or strain history varies with 
delta function [3]. 

In the first two types of test, the significant range 
of time or frequeney at any given temperature for 
noncrosslinked amorphous polymers may be of the 
order of fifteen decades. The practical time or 
frequency range of any piece of apparatus ranges 
from about two decades for dynamic tests to a max- 
imum of about six decades for step-function experi- 
ments. It appears for such materials that the major 
effect of change in temperature is to change the 
time or frequency scale; hence the effective range of 
a piece of apparatus can be extended by change in 
temperature of test. The limits of this range depend 
upon instrumental factors. 

From the phenomenological theory of linear visco- 
elastic behavior it can be shown that in principle 
the response over the whole significant range of 
time (or frequency) for any given stress (or strain) 


coelastic 


time as a 








history 
type of test with another specified stress (or strain) 
history [4]. In practice, rheological data that can 
be measured directly by one method can be calculated 
from data obtained by another method only if the 
latter data are of extremely high precision. For 
example, the viscosity 7 and the steady state com- 
pliance J, can be calculated from dynamic 
from stress relaxation data [5, 6]; however, such 
calculated values are often unreliable. These quan- 
tities on the other hand can be measured very simply 
with the rotational viscometer. Since the measure- 
ment of the limiting value of the elastic deformation 
for noncrosslinked polymers involves large perma- 
nent deformations, a simple shear apparatus in 
which the shear stress is uniform is not suitable, but 
a rotational method is indicated. 

Considerations of the ranges in Viscosity and time 
lead to a design in which the material is contained 
in a rotationally symmetrical surface with vertical 
axis and closed bottom. The material is sheared 
by the relative rotation between the cup and another 
rotationally symmetric, coaxial surface immersed in 
the material. Of the various possible designs, that 
using circular cylinders was chosen to permit 
curate construction and alinement of the two sur- 
faces. The Navier-Stokes equation for this zeomet ry 
cannot be solved; it 
for infinitely 
pirically 


data or 


uc- 


is necessary to use the solution 
long cylinders together with an em- 
determined end-correction. This ‘end- 
effect”? has been obtained experimentally for ranges 
of two of the three geometrical parameters. The 
procedures for obtaining the elastic part of the shear 
creep compliance, J(t)—t/n, from elastic recovery 
measurements over a range of time in a rotational 
viscometer have been given previously [S]. 

In the present arrangement, the outer surface 
(the “‘cup’’) is fixed. The arrangement is such that 
a constant torque can be rapidly applied to or 
released from the inner eylinder (the “rotor’’). 
Thus the shear stress on any given particle of fluid 
increases stepwise in time to a constant value and 
subsequently decreases similarly to zero. <A study 
has been made of; the frictional torque in the rotor 
system. The lower limit of the range in torque for 
a series of measurements of viscoelastic behavior is 
chosen to be well above this frictional torque, 

In general, 
elastic 


the flow and elastic behavior of visco- 
liquids are found to be nonlinear. The 
steady flow of a polymeric material manifesting non- 
Newtonian behavior associated with normal 
stress phenomena; -in the concentric cy linder arrange- 
ment secondary flow will take place, manifesting 
itself as a rising up of the liquid in contact with the 
inner evlinder, the so-called Weissenberg effect, 
together with complicated axial and radial flow [9]. 
In measurements made with the viscoelastometer 
the upper limiting value of the torque is such that 
there is no perceptible disturbance the free 
surface. It is then assumed that, over the whole 
range of torque, liquid particles move essentially in 
circles around the axis of the instrument and that 
secondary flow is negligible. Under these cireum- 
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can be related to the response in any other | 


stances it is often found that the ratio of angular 
velocity to torque increases linearly with torque. A 
procedure was given previously for obtaining from 
such data the relationship between shear stress and 
rate of shear in a simple shear test [1, 8]. In this 
paper a more general method due to Pawlowski [10] 
is given. 

The method of Pawlowski has been extended 
derive the retarded elastic recovery behavior in sim- 
ple shear for both finite and vanishing shear stress 
from nonlinear recovery data obtained in the 
viscometer. 

The lower limiting value of the shear creep com- 
pliance J, of amorphous polymers is of the order of 
10-" em?/dyne. However, the lowest measurable 
compliance is determined by the instrument compli- 
ance, which is limited by the necessity of reducing 
the moment inertia of the rotor system to the 
minimum. The instrument compliance has been 
measured using a liquid below its 
transition. 

As a result of thermal conduction along the rotor 
shaft, the temperature of the rotor is slightly differ- 
ent from that of the thermostat. A slight tempera- 
ture gradient thus exists through the liquid. <A 
method has been developed, upon relation- 
ships relating time-scale and temperature, to correct 
for this temperature gradient. 


of 


cooled glass 


based 


It has been demonstrated that the elastic part of 
the shear creep compliance and the non-Newtonian 
flow of nonecrosslinked amorphous polymers are 
closely correlated [11]; these quantities cover a wide 
range of values depending upon the molecular weight 
distribution. The sensitivity of the present appa- 
ratus is varied by using interchangeable rotors of 
three different diameters. The sensitivity range can 
be further extended by the use of extra length rotors 
and stators 
surface for 


Since it is necessary to observe the free 
manifestation of the Weissenberg effect, 


precision bore, glass tubes are used for stators This 
arrangement has the added advantage of allowing 
direct measurement of depth of immersion, which 


can vary appreciably over the range of temperatures 
—— rvation especially when the clearance between 
e plane ends is large and the radial gap is small. 


3. Description of the Apparatus 


The general arrangement of the viscoelastometer 
is shown diagrammatically in figure 1. An inter- 
changeable rotor A is connected to the Kovar-glass 
insulating link J), whieh in turn is attached to the 
rotor shaft A. Two ball bearings J locate the rotor 
shaft in the housing V, which is supported by the 
collar E through a spacing ring 7 and gage blocks 
I, The spacing ring /7 is machined to a thickness 
corresponding to 0.025 in. clearance between the 
plane e _— of the rotor and stator in the absence of 
the gage blocks. This clearance may be increased 
in ste 2 to one inch, by means of gage blocks. The 
collar / rests on the support ring F which is located 


on the upper platform X. Thestator B,a precision 


/ The controlled bath temperature does not vary more 
hiss than +0.02 °C. Experiments have been carried 
out over the temperature range —40 to 160 °C 
The lowest bath temperature that has’ been reached 
is 70 °C. The rotor and bath temperature can 
) be monitored continuously during a test, and the 
rotor thermocouple serves to indicate when the rotor 
has come to temperature equilibrium following a 








: on change in bath temperature. Platinum foil is used 
M R for both the stationary and rotating contacts in the 
mercury rings. The rotor and bath thermocouples, 
placed side by side in a bath, give the same indicated 
emf over a range of temperature. Rotation of the 
rotor causes no change in the emf indicated. The 
temperatures are measured by means of a potenti- 
ometer sensitive to about 2 pv. 
A photograph of the viscometer is shown in figure 
2. Disassembly is accomplished by lowering the 
x subbase Z, seen figures 1 and 2. After the central 
part of the subbase has been removed the Dewar 
TT Mm may be lowered through the table. This arrange- 
4 ment allows the stator tube to be removed from 
O° IT below At this stage the rotor can be removed from 
ct} Ls ma 5 ae aug ) a 
5—++ H+] 6 the connecting link, which extends below the 
| i —_— platform. 
_— 
= — oe 
jo— Z 
Figure 1. Section drawing of viscoelastometer. 
A. Interchar t tor; B, Precision-bore glass stator; C, Rotor thermocouple 
D, Kovar-¢ nsulating link; E, Co F, Support ring; G, Stator centering 
ro Hl, Spacing rir I, Gauge blocks; J, Axial thrust ball bearings; K, Rotor 
shaft; L, Mercu ‘ M, Mercury p-rings for thermocouple contacts; N, 
Multiple mirror; O rque drum adapter; P, Torque drum; Q, Torque drum 
irresting ring; R, W hts: S, 8S’, Solenoids; T, Drum removal device; U, Gas 
inlet tube; V, Rotor shaft housing; W, Locking ring; X, Upper platform; Y 
Dewar vessel; Z, Sub-base. 


bore glass tube with fused or cemented plane end, 
is cemented to the metal collar /#. This is alined 
coaxially with the rotor by the centering sleeve G, 
which is an extension of the shaft housing. The 
rotor shaft housing, spacing ring, gage blocks, and 
stator are clamped together by the locking ring W. 
The shaft housing V carries a mereury seal L and a 
gas inlet tube U7, which may be used to maintain 
the sample in the stator under an inert atmosphere, or, 
removing the mercury from L, to flush the bearings 
J with an inert gas. The leads from a thermo- 
couple C in the rotor terminate in mercury slip rings 
M, attached to the rotating portion of the mereury 
seal. The upper end of the rotor shaft carries a 
multiple mirror system N, which is part of the 
recording arrangement and an adapter O, for the 
detachable torque drum P, which transmits its 
torque through four pins. The drum arresting ring 
@ can be pulled down against the torque drum by 
means of solenoids S to prevent rotation of the rotor 
system to which the weights R are attached. Two 
equal loads apply a pure torque to the drum by 
means of cords as shown. <A solenoid S’ activates a 
drum removal device 7, which serves rapidly to disen- 
gage the drum P? from the adapter O, and to press the 
drum against the arresting ring Q. 

The stator is surrounded by a constant tempera- 
ture bath contained in an unsilvered Dewar vessel ¥. FIGURE 2. Photograph of viscoelastometer. 
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3.1. Rotor and Stator System 


Neglecting the effect of the end, the shear stress 
at the surface of the rotor o; is equal to the torque 
divided by twice the immersed volume of the rotor 
and the shear stress on any given cylindrical element 
varies inversely as the square of the radius. For 
materials that are only slightly non-Newtonian and 
for which the steady state elastic compliance J, is 
small, the sensitivity of the apparatus is increased 
by using a small-diameter rotor, and conversely. 
The set of five interchangeable rotors, of diameters 
respectively 0.79 em, 2.22 em, and 3.50 em, are 
shown in figure < "i which also shows the long and 
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Figure 3. Rotor and stator systems 
“he drawings represent t ile the five rotors, two sizes of stator tubes, and 
thermal insulating k 


short stators to be used respectively with the two 
long and three short rotors. The stator tubes are of 
3.81 em internal diameter and 0.32 em nominal wall 
thickness, and the steel collars are cold-cemented in a 
jig by means of an acid proof cement.’ 

The steel collars of the stators are provided with 
three splines subtending and angle of 45° to the 
axis of rotation; these rest on similar splines in the 
support ring referred to previously. In order to 
remove the stator tube it is merely necessary first to 
loosen the clamp W seen in figure 1, which presses 
the collar of the shaft housing against the stator 
collar. The rotor system is raised slightly : the stator 
is rotated so that the two sets of splines clear each 
other, and then the stator is lowered through the 
platform Z. Shown in figure 3 is the Kovar-glass 
insulating link and the method of attachment of the 
link to the rotor and to the lower end of the rotor 
shaft. 


Sauereisen Acid Proof Cement No. 31, Sauereisen Cement ( 
burgh, Pa 


Table 1 gives the range in the shear stress at the 
surface of the rotor o,, and at the surface of the 
for the three rotor diameters. The range 
in values of torque W is from the maximum that has 
been used, to a minimum taken arbitrarily at about 
30 times the friction torque. 


Stator do, 


The depths of immer- 
sion 


in table 1 are reasonable values for the two 
lengths of rotor 
TABLE 1 Value ( shea ess al rotor and stator surfaces 
i] R g t S} ty 
| url 7 
»s s { 2 xl 
t 
i | } 10 12x10 
S 1.4 10 7X 
to t 
j a | ) 10 23X10 
8 { 1.0910 17x 
' + ’ 
{ | 1; «10 all) 
he sensitivity of the apparatus may be char- 


acterized by the ratio of angular rotation of the rotor 
system per unit torque to compliance of the material. 
If J, is the steady-state elastic compliance and if 6 
is the maximum recovery angle in radians, then 


0 1 /e* | 


WJ (1) 


torha? 


where h and dp are the depth of immersion and the 
stator radius, and ¢ is the ratio of the rotor diameter 
to stator diameter. The numerator of the right- 
hand side ranges from 22 (for the smallest rotor) to 
0.2. The practicable range of values of J, may be 
estimated by taking reasonable values of 6, and h 
equal to 0.2 radian and 7.5 em, respectively. In 
table 2 this range is obtained from eq (1) for the 
largest diameter rotor with the lower limit of the 
torque in table 2 and for the smallest diameter rotor 
with the upper limit of torque. From table 2 it is 
seen that the instrument is suitable for measurement 
of values of J, in the range 10~* em?/dyne to 10 
cm?/dyne. 

Fiduciary marks in the form ot circles are scribed 
on the evlindrical portion of each rotor and are 
located at exactly 8.89 em and 16.193 em from the 
plane base for the short and long rotor respectively. 
These marks are required in the case of the long 
rotors and are helpful with the short rotors for the 
measurement of depth of immersion, which is ac- 
complished by means of a traveling microscope. 


3.2. Torque Application and Release 


Details of the arrangement for applying and releas- 
ing a constant torque are shown in figure 4. The 
three lower solenoids in figure 2 actuate the drum- 
arresting ring C in figure 4; coil springs normally hold 
this ring against upper stops. The solenoids are first 
energized by closing the switch F. The push-button 
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Ky provides a momentary overload which pulls the 
ring (against the springs into contact with the torque 
drum 1; the weights are then hung from the cords. 


The contacting surfaces are provided with friction 
materials, so that the pressure of the ring C’ on the 
drum «4 prevents rotation of the drum. When the 
switch F is opened, the ring © is returned by the 
springs as shown in the upper diagram in figure 4, 
and the drum is thus released. When it is desired to 
remove the torque, the upper solenoid is similarly 
energized by the switch @ in figure 4. When the 
overload button J) is pressed momentarily, the drum 
A is pulled off the shaft, and held against the ring C 
as shown in the lower diagram in figure 4; the friction 
surfaces again prevent rotation of the torque drum. 
The rotor system is now free from torque, and re- 
tarded elastic recovery can take place. After the 
weights are removed, the upper solenoid is de- 
energized. The catch B in figure 3 holds the drum 
clear of the rotor. The frame carrying the load 
application and release mechanism is supported on 


Is 


a flange resting on the stationary cup of the mercury 
seal. This frame together with the torque drum ean 
be easily removed after opening the connectors in 
the solenoid leads. 

The ten-inch diameter torque drum is interchange- 
able with a drum of 2.5 in. diameter; the necessity 
for the latter drum can be shown by the following 
considerations. It has previously been shown that in 
order to obtain the limiting value of J(t)—t/n, it 
necessary for the preceding flow test to be of duration 
of the order of 10 seconds for low molecular 
weight polyisobutylene [1]. The same coefficient 
applies to a series of blends of polyisobutylene frac- 
tions in the same molecular weight range [11], and 
also to a high molecular weight polyisobutylene of 
the order of one million molecular weight. Thus, 
if 22 is the drum radius, W the torque and A the depth 
of immersion, the distance 6 descended by the weights 
to reach the steady state is given approximately by: 
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where 2a, and 2a, are the rotor and stator diameters 


respectively. Taking A equal to 7.5 em and W equal 
to the minimum practicable torque of 8 LO dyne- 
em, it is found from eq (2) that for the 10-in. di- 
ameter drum, 6 1s equal to 650 em, 60 em, and 5 em, 
for the small, intermediate, large diameter 
rotors, respectively. The maximum range in 6 is 120 
cm; thus only a small range in values of W is possible 
for the intermediate size rotor. For the smaller 
drum the above values of 6 are divided by four, and 
hence a wider range of \ alues of W becomes available 
for the intermediate size rotor. In order to obtain a 
range in values of W for the smallest rotor, an even 
smaller drum and possibly a considerably smalier 
stator tube would be required, 


and 


3.3. Autographic Recording System 


The recording 
in figure 5 The 
function of time 
modified photoele 


system is shown diagrammatically 
aneular position of the rotor as a 
is traced on the chart of a slightly 
etric recorder. On the rotor shaft 
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Fiaure 5. Diagrammatic view of optical recording system. 


are two banks of mirrors; each bank comprises 45 
plane, plated, and polished surfaces of a brass block, 
normals to adjacent surfaces subtending an angle 
of 8° with each other. The two banks are staggered 
symmetrically to each other. The mirrors serve to 
reflect the incident light beam from an adjacent light 
source on to the pair of photocells on the pen carriage 
of the recorder. The distance of the recorder from 
the viscometer is such that 4° rotation of the rotor 
corresponds to nearly the full chart width of ten 
inches. This arrangement permits continuous re- 
cording of the angular displacement of the rotor. 


Beckman ‘‘Photoper National Technical Laboratories, South Pas 
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The recorder has been modified so that a contin- 
uous record of flow or recovery can be obtained 
with either continuous or intermittent chart drive. 
The continuous record is obtained by means of 
miniature switches at each end of the pen-carriage 
travel. When the carriage actuates the appropriate 
miniature switch, the light source is momentarily 
extinguished, and the pen carriage is caused to travel 
back until it picks up the next beam. The time for 
total return of the carriage is about two seconds, 
thus even if transfer from one beam to the next 
takes place during the initial rapid recovery, little 
or no extrapolation is required. 

It is desirable, following the initial rapid recovery, 
to slowdown the speed of the chart, which travels 
normally at 1 in. per minute. This is done by an 
intermittent chart drive, which moves the chart 
for 1 min. in each hour. The device consists of three 
cams driven at 1 revolution per hour by a syn- 
chronous motor. By means of miniature switches 
the cams switch on and off in the appropriate 


sequence the light source, servoamplifier of the 
recorder, and chart drive. The changeover from 
continuous to intermittent chart drive can be 


preset by means of a timing clock. This clock, 


together with the reversal switch for controlling 
the direction of continuous recording and_ the 
switches for application and removal of torque, 


are mounted in the recorder stand. 

Calibration of the recording system was made 
by measuring the distance travelled by the pen 
carriage of the recorder when moved from 1 reflected 
light beam to the adjacent beam, with the rotor 
stationary. This was done for a total of 97 successive 
displacements, the rotor system being moved by 
hand. In this way 360° rotation of the rotor was 
found to correspond to a total pen-carriage displace- 
ment of 778.77 in., thus 1 in. displacement on the 
chart was equivalent to 0.462° rotation of the rotor. 
Large angular velocities were obtained from measure- 
ment in the chart travel direction of the distance 
between alternate traces, corresponding to reflec- 
tions from adjacent mirrors on the same bank, thus 
giving the time for a nominal rotation of 8°. In 
the previous measurements the sum of successive 
pairs of displacements was found to vary from 17.22 
to 17.45 in., with a mean of 17.31 in. There is seen 
to be no necessity for the two banks of mirrors to 
be staggered precisely at 4° to each other. 

The recording system displayed no measurable 
drift over several hours, thus justifying measure- 
ments of elastic recovery over extended periods of 
time with a balanced photocell arrangement. 


4. Performance 
Measurements of the friction of the rotor system, 
end effect calibration, and corrections for instrument 
compliance and temperature gradient in the test 
material will be discussed. 


4.1. Instrument Friction 


In figure 6 are shown some measurements of angu- 
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lar velocity 2 as a function of torque W using a 
Newtonian liquid, namely, commercial hydroabiety! 
alcohol, which has a viscosity of about 10° poises at 
12 °C, It is seen that for all cases, the angular 
velocity is proportional to (W—W,), where W, is 
the friction torque equal to about 2.5>10* dyne-cm, 
and is independent of temperature, depth of immer- 
sion fh, rotor diameter 2a,, and end clearance d. 
The circles, squares, and diamonds in figure 6 show 
the effect of varying respectively the rotor diameter, 
depth of immersion, and temperature. Thus in 
measurements of flow behavior, the instrument fric- 
tion is simply accounted for by taking the effective 
torque as (W—W,). The effect of friction on elastic 
recovery measurements is more complicated and is 
considered in section 7. 
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4.2. Instrument Constant and End-Effect 


It is desired to obtain the instrument constant for 
the steady flow of a Newtonian liquid in the viscom- 
eter. This instrument constant A may be defined 
as the ratio of Qn to effective torque (W W,) for 
any given geometry, where 7 is the viscosity of the 
liquid. The same instrument constant is applicable 
fora material manifesting linear viscoelastic behavior, 
provided that inertia effects can be ignored [S]. 

The viscoelastometer has been operated with a 
pool of mercury in the base of the stator, the surface 
of the mercury extending above the plane surface of 
the rotor. The test material is floating on the 
mercury and is located entirely in the annular space 
between the cylindrical surfaces of the stator and 
rotor. Under these circumstances the motion of the 
particles in the test liquid is the same as in a portion 
of a ¢ ‘ouette-ty pe \ iscometer of infinite length. Kor 
this arrangement the instrument constant is then 
viven by ; 


Qn | —¢* = 
K= Want (9) 


In eq (5) it is, of course, assumed that the torque 
due to the mercury is negligible compared to that 
due to the test liquid. 

More usually, the test liquid occupies the space 
between the plane ends of the rotor and. stator, 
together with the adjoining portion of the annular 
space between the cylindrical surfaces. Under these 
circumstances, the torque on the eylindrical portion 
is modified, and there exists a torque on the plane 
the rotor. For this arrangement it is rea- 
sonable to assume that the instrument 
civen by 


base of 


constant 1s 


Qn 1—c* 


where Ah/a; is independent of h/a, for sufficiently 
large values of the latter ratio; Ah/a, thus is a fune- 
tion of two independent geometrical parameters such 
and d/a,, where d is the distance between the 
plane ends ol the rotor and stator. 

The justification for this assumption for a partic- 
ular geometry is given by the data in figure 7, which 
shows plots of (W—W,)/Q against h for the inter- 
mediate diameter rotor (2a;—2.22 em) for different 
values of end clearance, using hydroabietyl alcohol 
at 12.2 °C as the test liquid. The data five 
values of d are fitted statistically to a series of 
The results with 
the smallest end clearance, represented by the broken 
line in figure 7, were erratic and were not used in 
calculating the Intercepts and best slope. 


as € 


for 


straight lines of the same slope. 





FigurE 7. (Effective 


of imme 


torque angular velocity) versus depth 


sion for several values of end clearance. 


ffect’’ Ah the negative of the intercept on the abscissa. 
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The results of the end-effect measurements are 
shown nondimensionally in figure 8, where the ratios 
of end effect to rotor diameter, Ah/2a,, are plotted as 
circles against the ratios of end clearance to rotor 
diameter. The points appear to fall on a rectangular 
hyperbola; this is demonstrated by the plot also given 
in figure 8 of 2a,/Ah against d/2a,, in which the results 
of the observations are represented as squares; the 
points are seen to fall on a straight line passing 
through the origin. A crude theory of end effect can 
be proposed, in which it is assumed that the torque 
on the cylindrical portion of the rotor is the same as 
on the same length of infinite rotor, and that the 
torque on the plane base is the same as that on a 
circle of the same diameter which forms part of an 
infinite plate in a rotating disk viscometer. This 
theory predicts that 2a,/Ah is proportional to d/2a,, 
as shown by the broken line in figure 8. The end 
effect is seen to be much greater than that predicted 
by this crude theory. 
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Ficure 8. End effect measurements , Ah/2a, versus d/2a); 
, 2a,;/Ah versus d/2a,. The broken straight line ré presents the 
{ 


results of an elementary theory. 


Similar measurements have been made using the 
large rotor. However, the plot of (W—W,)/Q 
against A gave very erratic data from which no 
conclusions could be drawn. 

The only significant data in the literature relevant 
to this end-effect study are due to Wadleigh [12]. 
For a value of ¢ equal to 0.290, these results agree 
with the empirical relationships: 


2a Pee 
0.64+0.275 
a Oa 


for a range of values of d/2a, from unity to four. 








4.3. Instrument Compliance 


The instrument compliance has been measured 
using hydroabiety! alcohol, cooled below its glass 
transition, as the test liquid. The rotation of the 
mirror system as measured by displacement of the 
trace on the recorder chart was observed for remoy al 
of a given torque on the rotor following the usual 
procedure. The angular rotation was found to be 
proportional to torque, leading to a compliance of 
0.97 10-" radian/dyne-cm. This includes the con- 
tribution of the compliance of the hydroabiety! 
alcohol. Assuming value of shear modulus 
10° dynes/em? for glassy hydroabietyl alcohol, this 
contribution is found to be 0.95 10 radian/dyne 


a of 


ecm. Hence the apparatus compliance c; may be 
taken as 0.9710 radian dyne-cm. These data 
were obtained using the large-diameter (3.50 em 


rotor; it is assumed that the instrument compliance is 
the same for the intermediate diameter (2.22 em) and 
small (0.79 em 

The correction AJ due to instrument compliance 
to be subtracted from the material shear creep com- 
pliance calculated from the observed value of (@/W’) is 


rotors. 


mih+AhyC ¢ . 
AJ Ee >>) 
4a,7 4a, 


For example, assuming (4+ Ah) equal to 7.5 em, then 
for the intermediate diameter rotor (2a,—2.22 em), 
AJ is equal to 1.7>10-* em?/dyne; for the small 
diameter rotor (0.79 em), AJ is equal to 1.8><10°" 
cm-* dyne. 


Thus even with the smallest rotor, it is not possible 
to measure the lower limiting value J, of the shear 
creep compliance of an amorphous polymer. 
this compliance is of the order of 10~'° em?/dyne, it 
would be masked by the instrument compliance. 
However, it would be possible to measure such small 


Since 


values of shear compliance by changing the instru- 
ment to an arrangement in which rods of circular or 
rectangular cross sections are twisted. For example, 
the compliance of a rod of length 10 em, diameter 
2 cm, and shear modulus 10'° dynes/em? is 6.4 10 
radians/dyne-cm; this is considerably greater than 
the instrument compliance 


4.4. Temperature Gradient Correction 


As a result of thermal conductivity along the rotor 
shaft, the temperature of the rotor is slightly different 
from that of the thermostat. Measurements of the 
difference between the rotor temperature 7’; and 
the bath temperature 7), show that this difference 
AT (equal to 7; varies linearly with bath tem- 
perature over a wide range of temperature. Except 
for natural rubber, there do not appear to exist pub- 
lished data on the thermal conductivity of linear 


polymers in the liquid state. The thermal con- 
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ductivity of the Pyrex glass of the stator tube is 
greater by a factor of seven than the thermal con- 
ductivity of natural rubber (at room temperature). 
It is reasonable to assume the thermal conductivities 
of linear nonpolar polymers in the liquid state are 
very similar, and theretore that the temperature of 
the inside wall of the stator is close to that of the 
bath, for arrangements with the intermediate and 
small diameter rotors. It is reasonable to assume 
also that the temperature in the test liquid varies 
linearly with the radius. If A7’ is small, then the 
the test liquid varies approximately 
linearly with radius. With these assumptions, the 
effect has been calculated of the temperature gradient 
on steady flow, and also on displacement of the time 
scale for elastic recovery. 

Let n,; be the viscosity of the liquid at the surface 


viscosity of 


of the rotor, corresponding to temperature and 
let n, (1—k’) be the viscosity at the surface of the 
stator, corresponding to temperature Let © 


be the angular velocity for a given torque if the 
temperature is uniform, and the viscosity and tem- 
perature are respectively n,; (1—k’) and 7). Let Q, 
be the angular velocity for the same torque with the 


temperature eradient. It can then be shown that 
s2 ka 

l (6) 
{2 a a 


For many polymers the coefficient k’ can be caleu- 
lated from known viscosity-temperature relations. 
Except in the vicinity of the glass transition, the 


viscosity 7 at temperature 7'is related to the viscosity 


n, at temperature by the expression [13]: 
ov : Re 
n l l 
Then: 
k’ =2.3 mAAT/T,’ 7 
TABLE 2 Values of J or elastic co 1 of O.2 radian } 
lepth of me on 
k J 
From about the glass transition temperature to 
100 ° C above this temperature, the viscosity may be 


represented by a modified form of the Williams-Landel- 
Ferry relation [13, 14, 15] 


ox (") 


n CAC 


goO( 7 
T 


T 


where ¢, is an adjustable parameter. For this case, 


: 900 AT 
k 2.3 ( ) 


C5 


he apparent viscosity measured in the 
viscoelastometer with the temperature gradient. 
Then from eq (6) the viscosity n for an isothermal 
viscometer at temperature fb Is vive by: 


Now let n be t 


- ha » 
=a ( ) | 
ad ad | 
\ (10 
, k’a | 
>) ”) taps T ' 
23a a | 
- 
Let ¢, be the time to reach a specified angular 


deformation in a creep or recovery experiment in the 
with temperature gradient, and 
let fy be the time to reach the same deformation in an 


viscoelastometer 


isothermal viscoelastometer at temperature Fax 
Then 
. k’a 
og f lo f (11) 
fe ad ad 
Kquations 6 (10), and (11) give the corrections 


to angular velocity, viscosity, and logarithms of 
recovery times due to temperature cradient. Thus 
if AZ’ and therefore k’ is positive, the logarithmic 
time seale for elastic recovery corrected to temper- 
ature 7) is obtained by reducing the observed log- 
arithmic time scale by an amount k’d9/2.3 


5. Method of Operation 


ad a 


Different filling procedures to obtain bubble-free 
specimens are used according to whether the mate- 
rial is in the glassy state at room temperature (for 
example, poly styrene) 
liquid 
1.56 


, or is a high molecular weight 

for example, polyisobutylene, 7, equal to 

10°, Viscosity at 25 °C about 10?! poises or 

a low molecular weight polymeric liquid (for exam- 

ple, polyisobuty lene, \/ equal to 4.1 10' 
) (‘ about 10° poises ' 


, Viscosity 
nul 25 

In the first case a evlindrical plug is molded, such 
that the diameter at room temperature is just less 
than the bore of the stator. The plug is inserted in 
The whole rotor system 
is raised so that the tube can be inserted from below 
as prev1o isly deseribed. 


the bottom of the stator. 


The Dewar vessel is raised 
into position from below and the thermostat is set to 
a temperature corresponding to a viscosity of the 
polymer in the 10’ to J The rotor 
system is then released, so that the foot of the rotor 
presses on the upper surface of the poly mer because 
of the weight of the rotor system. After a period of 
time of the order of one week, the rotor system has 
sunk to the limit of its travel, so that its weight is 
LOW carried through the TATE blocks by the collar 
at the top of the stator tube. The collar that clamps 
the stator tube and rotor system to the support ring 
is finally tightened. A similar procedure has been 
used in the case of high molecular weight polyiso- 


range O° polses. 


butylene. In this case an appropriate molding pro- 
cedure must be used; otherwise air bubbles will 
appear gradually in the interior of the specimen 


following removal from the mold. 
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In the case of a low molecular weight polymer, 
air is unavoidably entrapped in the material as it 
is placed on the bottom of the stator. It 
fore heated to reduce its Viscosity to 10 


is there- 
poises or 
less, so that the larger air bubbles can rise at a sig- 
nificant rate. When only small air bubbles remain, 
the rotor system is allowed to sink into position. 
Tests carried on a low molecular 
weight polymer in which the stator tube was first 
filled with an appropriate amount of mercury. When 
the rotor system was in position, the foot of the 
rotor was below the mercury surface, and the poly- 
mer was in the form of an annulus floating on the 
mercury. 


have been out 


In carrying out 
reecoy ery _ 


an experiment to measure elastic 
the load is applied as discussed earlier. 
\t the appropriate time for load removal the switch 
reversing the direction of automatic return of the 
pen carriage is actuated, and the load removed as 
previously described, just before the pen carriage 
reaches the limit of its travel. When the recovery 
has beeome sufficiently slow, the chart drive 1 
changed from continuous to intermittent motion. 


Is 


6. Data Reduction for Nonlinear Behavior 


The shear stress on a eylindrical annulus varies 
of the radius. In the region 
nonlinear behavior, under suitable conditions, 
secondary flow is negligible, and if desired to 
obtain the behavior in simple shear from the flow 
and recovery behavior of a in 
elastometer. 


inversely as the square 
of 
is 
material the visco- 
It has been mentioned previously that in order to 
avoid the Weissenberg effect, the maximum measur- 
able apparent fluidity is limited to about twice the 
zero shear fluidity. Over this range it usually 
appears that Q W varies linearly with W. This is 
consistent with the empirical Ferry flow law 


(;.)=(,,) (+96 


Na No 

(1/n,) is the ratio of rate of shear to shear 
o in simple shear, (1/m) is the (Newtonian) 
fluidity, and G; is a constant (for a given material 
at a given temperature). If we define a Couette 
viscosity », for a non-Newtonian liquid as that 
quantity obtained by inserting observed values of 
2 and W in the Couette formula, eq (3), with appro- 
priate corrections for 2, W, and h, then: 


12) 


W here 


st ress 


Thus m and G; may be obtained conveniently from 
a plot of (1/7,) against oj. 

In the general case, this plot is nonlinear, and a 
method due to Pawlowski [10] is suitable for the 
determination of the flow behavior in simple shear 








using ‘a rotational viscometer, when ¢ is not near 


unity. Let the rate of shear corresponding to a 
simple shear stress ¢ be f(a). Then 
1(% f(o) 
Q= . do (14) 
2 c-o o 


where o, and co, are the shear stresses at the surface 
of the rotor and stator walls respectively, and Q is 
the corresponding angular velocity. For a particular 
value of o, equal to k; we obtain from eq (14): 


=| f(c) —f(co I, 


If now the torque 1s reduced in the ratio c, the 
corresponding angular velocity is given by: 
dQ ; oi 
20; lI (a) —J (Co) |e 
do ; 
Hence 
dQ 
I(o;) 2< 3G; 
, 7 do, o k 
dQ! 
+ CO; tee (15 
do; a, =c°k 


Thus if 2 is plotted against o,, the terms in the 
brackets on the right hand side are the intercepts 
AB,.CD, ete., as in figure 9; the rate of shear at the 
surface of the rotor is given by twice the sum of 
these intercepts. 

It is of course necessary to carry the graphical 
summation only down to a shear stress k* 
which the flow behavior is substantially Newtonian 
The remainder is then 


below 


l—c’ do, \« 


This method can be extended to the case of non- 
linear viscoelasticity. Assume that a simple shear 
stress o is applied at infinite negative time and re- 
moved at zero time. Let the decrease in shear 
strain from zero time to a subsequent time ¢ be Jo 
(tc). In the nonlinear behavior J 
which we will call the recovery compliance, is a 
function of c. If now in a rotational viscometer the 
shear stress at the surface of the rotor with a given 
constant torque is o;, the angular recovery @(f,0,) at 
a time ¢ following removal of torque is given by 


case of (t.o), 


o 
. J (t,o) do. 


~./ Co 


A(t.o (16) 


The recovery compliance at time ¢ corresponding to 
a particular value of o, equal to k is given by 


dA(t.a 
J (tc) - : 
g ao; £ 


e7dé(t.o . 17 
4 4 a (17) 
doa, o, 
Thus the recovery behavior in simple shear is ob- 
tained from measurements of angular recovery as a 
function of o;. 
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7. Effects of Inertia and Friction on Recovery 


The effects of the inertia and friction of the rotor 
system on the retarded elastic recovery 
will now be considered. A dynamic representation 
of the viscoelastometer system is given in figure 
10(a). For the purpose of the present discussion 
the springs representing instrument compliance and 
glass compliance of the material may be omitted, as 
in figure 10(b). In the models of figure 10 there is 
represented to a first approximation the viscoelastic 
behavior of the liquid under conditions where this 
behavior is linear; a more exact representation is 
obtained, of course, by adding further Voigt ele- 
ments with different retardation times 7, The 
direction of the frictional torque W, is such as to 
oppose the deformation of the material. 


obser ed 


TRUMEN 
OMPLIANCE 
BASE -STATOR 
“9 
tw, W MATER ~ W, ae WwW 
MEN MPL ANCE — 
N 
~ R 
RUME 
MPLIAN e 
R SYSTEM 
Dd 
W 
FIGURI 10 Dynan ) entation of viscoelastomete 
systen } Vechar ( mode f¢ retarded elastic recovery 
th iy nt f or d erlia,. 
’ . . & . 
We assume that a constant torque W is first 


applied to the System until the steady state is 
reached, and then instantaneously removed. Just 
this instant the spring in figure 10(b) 
stretched, and the upper dashpot is stationary; the 
lower dashpot ts extending at a uniform rate. On 
the removal of the external torque W there occurs a 
transient loading of the material due to rotor inertia. 
In addition, contraction of the spring results in a 
load corresponding to the friction torque W,, which 
leads to a steady extension of the lower dashpot. 
When the rate of contraction of the spring equals the 


before 


is 


rate of extension of the lower dashpot, contraction of 
the three-element model representing the material 
and relaxation thereafter place at 
deformation 


ceases, takes 
constant 

The portion of the record corresponding to removal 
of load is always “sharp-edged”’ ; there ho per- 
ceptible rounding-off due to inertia of the system. 
The inertia the material can thus be 
considered as a “spike’’ of very short duration. The 
residual elastic deformation of the Voigt element 
is negligible for times that are long compared to the 
duration of this spike ; there remains to be considered 
the effect of this transient loading on the flow of the 
System. This reduces to an apparent material 
compliance Ad Let 7 be the moment of intertia of 
the rotor system, and let -W] and Ws be the angular 
velocities just before and just after removal of torque 
W It can then be shown that 


is 


loading on 


AJ=I(w Wn. (18) 
If reasonable values of the parameters are assumed, 
it appears that AJ is for the present 
viscoelastometer. 

In order to estimate the effect of instrument fric- 
tion on elastic recovery, we will assume as before 
that the material manifests linear viscoelastic be- 
havior; it can be represented for example by a model 
consisting of a series of Voigt elements in series with 
This is loaded by friction element 


negligible 


a dashpot a 
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which exerts a constant torque W, opposing the direc- 
tion of deformation of the material. Now let 6(0) 
represent the angular position of the rotor at the 
instant of torque removal, and let 6(¢) be the position 
at a subsequent time t. If Wis the external torque 
that is removed and if J(t)—t/y is the elastic part of 
the shear creep compliance, it can be shown that 


( iW jt n. 


The second term results from reduction in recovery 
due to the flow of the material under the friction 
load. ‘The instrument constant A is given by: 


A(Q) 
k(w 


W, 
OW, 


A(t) 


ow,) © 


J(t) t/n (19) 


(1 
4ra?(h- 


ers 


K Ah) 


(20) 


taking end-effect into account. The previous as- 
sumptions lead to cessation of recovery at a time 


t given approximately by: 


Wt 
Lr) lens om (21) 
(W—2W,)n 
where L(7)|,.;is the value of the retardation spectrum 


when 7 is equal tot. This analysis assumes that the 
frictional torque for very small values of angular 
velocity is the same as that measured for more rapid 
rates of rotation, as in figure 6. At small angular 
velocities it appears that W, can be quite variable, 
which makes the second term in eq (19) somewhat 
uncertain. The best estimate of the steady state of 
shear compliance is thus made by evaluating J(t tin 
by means of eq (19) up to the time corresponding to 
that at which recovery ceases, and then extrapolating 
to zero slope on a logarithmic time plot. 

In the case of nonlinear behavior the calculation 
of the effect of friction on retarded elastic recovery 
becomes more difficult. The observed angular re- 
covery 4% (t, o,) at a time ¢t following removal of an 
effective torque W—W, is less than the “ideal’’ re- 
covery 6 (t, which would in the 
absence of a frictional torque opposing the 


o1) be obtained 

W, 

recovery. 

If we define a Couette recovery compliance J, (f, 
corresponding to recovery in a frictionless 

viscometer following flow in which the shear stress at 

the rotor is o, (equivalent to an effective torque 


W—W,), then 


0} 
l 


6(t, a1) 


Jet, =F -W,) 


(99) 


If it is assumed that the reduction in recovery at 
time ¢ is equal to the angular displacement due to a 
small torque W, applied at zero time, then 

O(t, 01) —0@) (t, 01) =W, KS, (t,0)+-W,Kt/n, (23) 
where J, (¢, 0) is the elastic part of the shear creep 
compliance at very small shear stresses, and 7 is 








the Newtonian viscosity. Combining eqs (22) and 
(23), we obtain: 
(t,o )+W,Kt n W—W,J (t.o,)—W,.J.(t.0 
Kk (W—2W, (W—2W, 
24 


As W approaches 2W’,, 


the right-hand side of eq (24 
is seen to approach mY 


t, 0), thus eq (25 


becomes: 


6(t.0,;)—@, (to 


W,Kt/n 


6,(t, 
| K 


elastic 


o 


W 


W,At/n a | 
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The nonlinear retarded 


recovery 
shear is then obtained using eq 


Re versal of retai d elastic recovery. According Lo 
the theory of linear viscoelasticity, if the visco- 
elasticity is only of the relaxational type that can 
be represented by models consisting only of springs 
and dashpots, then the elastic part of the creep 
compliance, J(t)-t/n, is a function increasing monoton- 
ically with time, in figure 11. This function 
reaches an asymptotic limit at infinite time; this 
limit can be assumed to be reached in a frictionless 
instrument at a finite time which depends upon the 
sensitivity of the recorder. 


as 


ry aioe 
, J e 
~ 
* 
y — 
v 
4 A 
A . R : 
I - y Mes 
> 
Figure 11. Reversal of retarded elas ecovery 


Let us assume that the point B in figure 11 corre- 
sponding to a time ¢; represents the limit of observ- 
ability. Then the observable curve is as ABC where 
the curve bevond B is parallel to the abscissa, and 
BC represents the apparent asymptote. If recovery 

following a time under stress 
equal or greater than f, then observations 
should vive the curve ABC. If the stress is removed 
at an earlier time 4, in figure 11, then the recovery 
eurve as shown by AX. The total recovery 
equal to the elasti component of the deformation 
at time ¢,. If the stress is removed at a later time 
», then the component corresponding to 
the asvmpotote of the curve AX is increased. It 
found that if the time under load in the rotational 
viscometer is sufficiently long, the recovery cur 
does not tend to an observationally limited asyimptotl 
BC, but shows a reversal of the direction of ereep 
recovery as represented by BU. 


observations are made 


these 
Is 


Is 


elastic 


Is 
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This behavior has been observed 


in a specimen 
of polystyrene under conditions where the flow 
and early part of the recovery were linear with 


torque ; the effect became much more marked with 
in torque It has been observed in a speci- 
of polyisobuty! ne in which the foot the 
rotor was immersed in mercury. Thus this phenom- 


Increase 


nen of 


} 
| 


enon cannot be accounted for by nonlinearity in 

viscoelastic behavior, by instrument friction, or 

by secondary flow in the region of the plane ends. 
This effect has been previously observed in 


measurements of the shear creep and recovery m a 
rotational viscoelastometer on a specimen of asphalt 
16). The instrument was a 
evlindrieal viscometer, and the 


harrow-gap coni- 
viscoelastic behavior 
was linear and nonthixotropt over the range of the 
reported data As in poly- 
styrene, the amount of reversal in recovery became 
much greater with 


our experiments on 


increase in shear stress, and the 
time corresponding to the maximum recovery Was 
reduced with increase in shear stress The elastic 
recovery Curves on asphalt were obtained by meas- 
uring the total recovery as [ol example at Nor Y 
following a time under stress equal to f or f, in 


figure 11] 
nonlinear resonance type viscoelastic behavior super- 
imposed upon a linear relaxation type behavior, no 
explanation can be for the existence of this 
phenomenon observed in the two viscoelastometers 
with linear polymers and with asphalts. Until this 
behavior can be accounted further uncertainty 
is added the Interpretation ol observed angular 
recovery data 


Unless one postulates the existence of a 
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An Ultra Low Frequency Bridge for Dielectric 
Measurements 


Donald J. Scheiber 


(October 11, 1960) 


The bridge described is capable of measuring the parallel capacitance and resistance of 
dielectric specimens in the frequency range of 0.008 to 200 eps. It employs no earthing 


device and is directly connected to a three terminal oscillator. The substitution method is 
employed. The capabilities of the bridge are experimentally tested by measurements upon 
known capacitors and resistors and by comparison with results obtained using a Schering 
bridge near 100 cps The apparatus Is capable of accuracies prey iously unattained at these 
low frequencies. Capacitances between zero and 100 pf may be measured to an accuracy 
of 0.05°, 0.002 pf) at frequencies above 5 eps. Below 5 eps the accuracy becomes 

0.05% + (0.002 + 2x 10°/fRp)pf], where f is the frequency in eps and Fp is the equivalent 
resistance in Ohms across the detector terminals Conductances between 10-° and 107% 
mhos may be measured to an accuracy of about (1°) +3f* 10- mhos) when f >0.1 eps. 
When f<0.1 eps the accuracy is about 1°) +2™10-'§ mhos). The dielectric constant 
«’) of a specimen may be determined to an accuracy proportional to that of capacitance 
measurements. The loss index (e’’) may be determined to an accuracy of about (LY 

5 10F4/C,) when f >0.1 eps and (1% +3 10-5/fC ,) when f<0.1 eps. Here C, is the 
vacuum Capacitance of the specimen expressed In picofarads The effects of stray imped- 


ances shunting the bridge ratio arms, are investigated. Useful modifications of the bridge 
are discussed 


1. Introduction A major objective of this paper is to describe an 
a-c bridge that is capable of making accurate 
Extension of the frequency range of dielectric | measurements of capacitance and (low) conductance 
measurements to very low frequencies is important | between 0.01 and 200 eps, but which is neither 
for several reasons. For example, direct comparison | cumbersome nor unnecessarily time-consuming to 
can then be made between dielectric and mechanical | operate. The bridge described meets these require- 
relaxation effects in important classes of dipolar | ments, and is therefore well suited for carrying out 
substances, such as certain polymers, for which | investigations on the dielectric properties of mate- 
dynamic mechanical data is often available only in | rials. 
this frequency region. Related to this is the study Some relevant background information will now 
of the connection between the dielectric relaxation be given in order to indicate the nature of earlier 
behavior of an amorphous material and the onset | bridge designs, and certain problems that are en- 
of its glass transition, the latter being closely associ- | countered when dealing with ultra low frequency 
ated with a striking slowing down of molecular | bridge measurements. 
motions that is reflected in a dielectric response in 
the ultra low frequency region. Another example is 
provided by the necessity of making dielectric loss 
measurements over the widest possible frequency 
range in order to determine fully the shape of dielec- 
tric loss peaks. Such studies are extremely useful 
in elucidating the nature of barrier systems in dipolar 
crystals, and in understanding the fundamental 
causes of dielectric loss generally. Unfortunately, 
little work has been carried out in the ultra low 
frequency range between the short time seale d-c 
region and the ordinary a-c bridge region (roughly 
0.01 to 20 eps Together with the fact that it has | Although explicit details concerning the conductance 
heretofore proven difficult to simultaneousiy measure | pange and sensitivity are not reported, it is apparent 
small capacitances and conductances, this has led | that this arrangement is not well suited for the 
to a considerable gap in our knowledge of the | measurement of low conductances, and it is desirable 
properties of materials, and the nature of certain | ¢o extend the range to lower frequencies. 
molecular mechanisms. In 1955, Weingarten [2] briefly described apparatus 
which he had employed to measure the dielectric 
properties of glasses down to 0.008 eps. Heroux [3] 


At frequencies below about 10 eps, transformer 
coupling of a bridge and a generator becomes 
ineffectual. At lower frequencies, the bridge and 
generator must be directly coupled. The first 
successful effort to measure dielectric properties 
down to 0.1 cps was reported by Volger, Stevels, and 
van Amerongen [1] ' in 1953. These workers were 
primarily interested in measurements on high-loss 
inorganic glasses. They used a three terminal RC 
oscillator directly coupled to a series resistance- 
capacitance bridge equipped with a Wagner earthing 
device. A galvanometer served as the detector. 


It is also clear that our know ledge of the properties 
of components; e.g., multimegohm resistors, is far 
from complete in the ultra low frequeney range. 
The bridge discussed here is capable of providing 
information of this type. 


| lhe figures in’ brackets indicate 


the literature references at the end of this 








also gives a description of Weingarten’s bridge. 
This three terminal bridge employed no separate 


guard balancing circuit, such as a Wagner earthing , 


device. A conductance balancing system somewhat 
similar to that of Cole and Gross [4] was used. The 
low-frequency apparatus designed by Weingarten 
was evidently not subjected to a thorough analysis. 
In particular, an investigation of the effect of im- 
pedances to ground within the generator was not 
given. Since the three terminal generator employed 
is directly coupled to the bridge, these impedances 
shunt the bridge’s ratio arms, and therefore must 
not be ignored. However, as will be seen below, 
Weingarten’s basic design is a promising one. When 
slightly modified and subjected to careful analysis, it 
permits ready use of the reliable substitution method 
of measurement, does not require the use of a Wagner 
earthing device, which is exceedingly wasteful of 
time at low frequencies, and yields highly accurate 
results in the capacitance and conductance range of 


principal interest after certain well-defined and 
straightforward corrections are applied. 
Nakajima and Kondo [5] circumvent the im- 


pedances-to-ground problem by operating the gener- 
ator in a two terminal manner. Their bridge 
(briefly described elsewhere by Nakajima and Saito 
[6}) utilizes a Wagner earthing device, a conductance 
shifter, and an ungrounded or “floating” 
Dielectric measurements with this apparatus are 
carried out by the direct method. The substitution 
method is preferable to the direct method if precise 
measurements of low conductance are desired. 
Also, it is desirable to ground one terminal of the 
detector. As implied earlier, the Wagner earthing 
device, while sound and accurate, leads to excessive 
measurement times in the lower end of the frequency 
range (see below Hence we chose to use Wein- 
garten’s basic design, coupled with a detailed circuit 
analysis. 

The following example indicates why a Wagner 
earthing device was not employed in the ultra low 
frequency bridge. At 0.1 eps, using the substitution 
method with no earthing device, about one balf hour 
is necessary to complete the two balances that are 
required. With the earthing device, four balancing 
operations are necessary, consuming at least one hour, 
even if interaction between the balances is neglected. 
At 0.01 eps, the use of the earthing device is outright 
prohibitive from the standpoint of measurement 
time. * 


detector. 


2. Bridge Circuit and Construction 
2.1. Bridge Circuit 


Figure 1 shows the circuit diagram of the bridge 
and the output circuit of the three-terminal genera- 
tor. The values of the components used are given 
in table 1. In figure 1, C, and F, represent the 


At frequencies above about 5 


eps, the objection to the earthing device mentioned 
above disappears, and some bene 


t accrues from its use since the bridge equations are 
then simplified Accordingly, a brief discussion of the application of this device 
to the present bridge is given in appendix 7.5 for workers interested principally in 
the frequency range near and above 5 cps 
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Fieure 1. Circuit diagram of lou frequency appa atus. 


Values of component re given in table 1 


parallel capacitance and resistance to be measured. 
R, and R, ure precision wire wound, 10 ohm resistors 
(, and (,; include all capacitances to ground from 
the points W and Y, respectively. (C3 also includes 
a two terminal variable capacitor, calibrated to + 0.1 
pf over the range of 100 to 1000 pf. From figure 
1, it is apparent that all lead capacitances to ground 
within the bridge, with one exception, are either 
across the resistive arms and therefore meluded in 


TABLE 1 Vs s of components in figure 1 
| RS 15.8 kohm  ay/ 
le We 15 kohm 10°, 
R 1.0019 x 10° ohms 
R,; 1.0012 x 10° ohms 
R 0 to 111.0 ohms in 0.1 ohm steps 
R Interchangeable resistor 106, 107, 10%, 10%, 
10'° ohms 
Ce luf+1% 
a 10 to 125 pf variable capacitors 





The ex- 
ception is the capacitance to ground from the june- 
tion of F,, R,, and Ry. Such capacitance is in parallel 
with 2), which has a maximum value of about 100 
ohms It can be shown that a capacitance of L000 
pf across /; would not detectably affect the bridge 
balance even at 1000 eps. The lead capacitance in 
question is certainly less than 1000 pf and therefore 
is ignored. 


(’, and Cy, or across the detector terminals. 


The bridge is balanced when the voltage between 
the detector terminals is zero. Capacitive balance 
is essentially achieved when (C,+(€,) equals Cp. 
The current in PR, is balanced by inserting an equal 
and opposite current into the deteetor terminals. 
This is accomplished by the network consisting of 
Ri, Ry, and Ry, The gross magnitude of this cur- 
rent is controlled by the value of 72, (10° to 10" ohms). 
FR, is variable in 0.1 ohm steps from 0 to 111 ohms, 
and serves as a fine adjustment on the current. This 
arrangement provides a relatively smooth and con- 
tinuous resistive balance. 

The three-terminal generator employed is a 
Hewlett-Packard model 202A. The output circuit 
of the gvenerator, as received, is included in figure r. 
This cireuit, especially J, do, and C, affects the 
operation of the bridge, and should be regarded 
electrically as part of the bridge. It will be shown 
later that it is desirable to operate the bridge with 
(’, shorted. The resistive components of the gen- 
erator circuit are denoted by J’s rather than /?’s in 
order to emphasize the fact that they are physically 
part of the generator circuit, not part of the external 
bridge. 

Null detection. Between 200 and 5 eps the de- 
tector system is a battery powered low noise pream- 
plifier (Tektronix Inc., type 122) followed by a wave 
analyzer (General Radio Co., type 736—-A). An un- 
balance voltage the terminals of 
about a microvolt peak-to-peak can be detected. 
The preamplifier has an input impedance of 20 meg 
paralleled by 50 pf. 

Below 5 cps a d-c voltmeter is emploved (Beckman 
Ultrohmeter). The unbalance signal appears as a 
periodic deflection on the indicating meter. On the 
ost sensitive range, an unbalance signal of about 2 
10~° volts ean be detected. An input resistance 
10'' ohms is employed. 

Below 0.1 eps the output of the d-c voltmeter is 
monitored by a recording potentiometer. With the 
recording system employed, an unbalance signal of 
about 2 107° volts peak-to-peak can be detected. 
Since considerable time is spent in balancing, meas- 
urements below 0.1 eps are made only when the 
results are of extreme interest. 


ucross detector 


of 


2.2. Construction 


Care was taken to arrange the components as 
symmetrically and compactly as possible, and to keep 
capacitances to ground low. Each component 
guarded from others by grounded shields * 
minimize capacitive coupling. 


1S 


to 


4 The internal shields ¢ 
drawing 


f the bridge are not shown in fig. 1 in order to simplify 


Lhe 
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The rotors of the precision three-terminal variable 
capacitors (, and Cy, are connected together at the 
detector terminals. These capacitors are so con- 
nected because the capacitance to ground from the 
stators is more nearly independent of the setting 


than that from the rotors... Connection in this 
manner assures that the lead capacitances, C; and 
(’,, are nearly independent of the setting of the 
capacitors C, and Cz. 

The variable resistor, ;, is a General Radio 
( ‘ompany ( ompensated decade resistor, type 
670-F. The ‘Low’ terminal of the resistor is 


connected to ground. 

The interchangeable resistors (2,) are mounted 
on a two pole, five position, selector switch and the 
d-c resistance at each setting is known to better 
than 0.1 percent. The 10° and 10’? ohm 
are wire wound; the 105, 10°, and 10!° resistors are 
composition types. 

The capacitors, C, and Cz, are calibrated against 
NBS reference standards to a precision of +0.001 
pf. 


The method employed to switch the unknown 


resistors 


‘in’ and “out” is such that when the unknown is 
“out” it is in shunt with R;. (See fig. 1.) This is 


taken into account in deriving the bridge equations. 
It would be unwise to place a switch in the lead 
connecting W with the unknown, for switching at 
this point would alter the capacitance C; by an 
undetermined amount. The change in C; would be 
equal to the capacitance to ground of the lead and 
electrode connecting the sample to the switch. It 
would be ill-advised to change C; by an undetermined 
amount, since by analogy with a Schering bridge, 
this would affect the measurement of resistance. 
Similarly, one may discard the possibility of simply 
disconnecting the lead between the unknown and 


the detector terminal and allowing it to “float”, or 
disconnecting both leads to the unknown. All of 


these possibilities lead to undefined changes in (Cs 
and were therefore not employed. 


The resistors J; and J, which come with the 
generator, are “‘one per cent”’ resistors. Since under 
some .conditions of operation these resistors are 


essentially the bridge’s ratio arms, it is perhaps 
desirable to remove them from the generator and 
replace them with externally mounted, matched, 
precision having magnitudes near 15.8 
kohms. In this work they were not replaced since 
they were found to be adequately matched. Inside 
the generator, their values change slightly after the 
generator is turned on; but they remain quite stable 
once thermal equilibrium is established. 


resistors 


3. Bridge Equations 
3.1. Effects of the Generator Output Circuit 


The generator circuit has no connection to ground 
other than through the capacitor C,, or through the 
stray impedances Z,, Z, and Z,, shown in figure 1. 


5 With settings of capacitor Ca between 20 pf and 110 pf the capacitance between 
the rotor and ground increased from 53.10 to 53.87 pf while the capacitance between 
the stator and ground increased from 17.63 to 17.75 pf 








The impedances, Z, and Z,, shunt the ratio arms 
and may alter the impedance of the arms. The 
bridge equations will be worked out without taking 
formal cognizance of Z, and Z,, but in such a way 
that their possible effects may be determined. 

The impedance Z, is believed to be primarily 
capacitive in nature since B~ is connected to the 
shield of the generator’s power transformer. If Z; 
be regarded as a capacitor, then we see that the 
network J;, Z,, J, is similar to the network J;, C,, 
J. Thus, if one establishes the effects of the net- 
work J; ios J, upon the bridge the effect of Je. Ze. 
J will have been at least qualitatively predicted, 

Since there is no direct connection to ground in 
the generator, one may ground any point of the 
output circuit. It is obvious from figure 1 that the 
network, J;, C,, J. will give rise to frequency- 
dependent parallel capacitive and resistive shunts 
across Ff; and (2,+f,). (This is easily dem- 
onstrated by a YA transformation.) This will 
clearly complicate the bridge equation and as is 
demonstrated later gives rise to undesirable fre- 
quency dependent “correction terms”. If (C, is re- 
moved (C’,=0) the output of the “floating” generator 
is noisy and somewhat unstable, which is undesirable. 
These difficulties are avoided if one grounds point 
A of figure 1. This shorts out C, (C,= « 
J, and J, are placed across PR; and (2,y+P)). 
J, and J, are 15.8 kohm and R&R; and FR, are 100 kohm, 
J, and J, essentially become ratio arms while Ps, 
R,, and PR, serve as part of the conductance balancing 
network. This is advantageous since variations in 2, 
will now cause less change in the equivalent resist- 
ance of the arm. In view of these facts, in practice 
the bridge is operated with C, shorted. 


so that 
Since 


Nevertheless, the bridge equations will first be 
worked out for the case when (C, is in the circuit. 
This procedure yields general equations which (a) 
clearly show the effects of C,, (b) are useful in 
checking out the bridge, (c) qualitatively predict 
the possible effects of the network J;, Z,, J, and (d 
can readily be simplified for the case C,=, the 
mode of operation to be adopted in making routine 
measurements. 


3.2. Derivation of Balance Equations with C,—1 uf 


The bridge is balanced by varying (,, Cz, R;, and 
R,. The value of Cz, and PR, used depends upon the 
magnitude of C, and R,. The values of RP, and C, 
are not changed when switching the unknown in and 
out. 

It is convenient to first transform the Y network 
formed by R,, 22, and Rk, into a A network as shown 
in figure 2(a). The equivalent resistance R, is in 
parallel with (,, Ry, in parallel with C,, and R, 
the detector terminals. These 
have values given by 


across resistances 
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RiR 

R,=R:+R,+ R, 
. ae 

Rep R, R.+ R, (1) 
RR; 

Re=R.+Ri+ R, 


Lumping the impedances in each of the arms, the 
bridge is now equivalent to the circuit shown in 
figure 2(b). Here Zp represents the lumped im- 
pedance of the standard capacitor and the unknown 
when it is in parallel with C,. The balance condi- 
tion, derived in appendix 7.1, is 





Z cA 3 Z, a 
z\rt+z' ( / +") Zz (I+7' i +7) (2 
where 
r=—J Js. (3) 
Pi 

/ i+ 

3s 
FiGuRE 2. Nefwo nsformation 

I ey rk int 1 A network. 


Equivalent | ‘ uit after ransformatior 








The impedances . 


in terms of parallel components, 
are given by 


| | ee 
| at Fe oe (4) 
4 ‘ 
where index 7 has values P, B, and 3, and 
| 7, 
r . T /@ , 
Ne Pik aaa 
/ ~ 
v9 : (2) 
wl’, 


Substituting these values into eq 2) one obtains the 
following, upon separation of real and imaginary 


parts 


J C's | : l+py 
Corte ten ote, (Am or,c) 

| ( | (+r) 
( n( 1-4 p r) 7 7 )4 R, ( me ee aR 7 ); 

(6 
and 

J (, l ) ; 
TAU R, } + Ce (Ro wi, ) 
| Pe ( (1 r) : 
p, | | +4 R (1 / / )4 ( n( R C. —w*J, ¢ .) 


Since the substitution method is employed, equa- 
tions (6) and (7 apply with the unknown across 
Cand with it disconnected from across (,. 


With the unknown ‘across (©, let the values of R, 


and ©, at balance be denoted as {’ and C”’ respec- 
tively. The variable factors of eqs (6) and (7) become 
l | l 
oa Rp R.' RB, 
R,=R‘, 
(S) 
Rs foe 
Cp=C,'+C, 


where Ry and aed may be computed 
equations (1) substituting Fy’ for R,. 
resistance, /?,, of the capacitor ¢ 
equation for Rp 


R 


simply from 
The parallel 
is included in the 
Subsequently, it is assumed that 
is independent of the setting of C,. 


With the unknown “out’’ we denote the value of 
R, and ¢ ut balance as Bi and ‘Be respectively. 

r tat \ | I otherwise stated the units o 
I R : ( ind frequency (f), eps. 
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The variable factors in equations (6) and (7) become 


ep te, 

B=, 
| 9) 

Ep | 

y ,?7 

Ca== 

Since the unknown now shunts Ps, (2,7!+R,-') 
replaces R Furthermore, (, now shunts &s. 


The magnitude of C; is held constant, however, by 
decreasing the setting of the variable capacitor 
across ?; by C,. By obtaining a capacitive balance, 
C.. before Cr is adjusted, C. may be determined toa 
sufficient accuracy ((,-—C,). C then ad- 
justed by this amount. (This procedure is possible 
since the capacitance balance C, is practically inde- 
pendent of these changes in C3.) 

(9) into (6) and (7) 
results in four equations from which exact solutions 
for PR, and C, may be obtained. 
are given in appendix 7.2 


as is 


Substituting eqs (8S) and 


The exact solutions 
where it is shown that 


certain terms are small and may be omitted. The 
parallel capacitance, C,, and conductance, G,, of the 
unknown are given by 
7.) , An 
C,=AC,+- C0, =,- K+ (C;—C,) = K 
R, R, 
AR, i 
+——"(Rs—rR,—RDL (10) 
R, 
and 
1 AR, , wl CJ? 
G, ; 1+ CRF ') (11) 
R RR, io 2 
where 
AG.=C'—c" 
AR,=R{—R; (12) 
w= 2nf 
K ! WwW r? 1 R, J, 13 
\ _ (1.5) 
(1+w?72)(1+-R,/J2) 
0 
“72) (] 
is OR, (1 W°7 14) 
] wre y 
? > - : , (15) 
1+-w°rG | mine + J ia 
and 
wR, 
WT ~ *{1 T mF beat (16) 
In eq (10) terms which contribute no more than 
0.001 pf have been omitted. In eq (11) terms 


contributing 0.2 percent or less have been dropped. 





3.3. Evaluation of Terms in the Balance Equations 
with Cc. 1 ut 


Equations (10) and (11) can be placed in better 
perspective by numerical evaluation of the quan- 
tities F, AK, and L. 

Using the values of the bridge components given 
in table 1, eq (16) gives 


9 


wT? 0.132 7°. (17) 


Similarly, F', A, and L become 


F=15.0 ——. (radians/sec), (18) 
1+ w*r9" 
, 7? +7 .33 
Kk: a coer (19) 
1 +w*ro?)7.33 
5 - 
L »—x (pf/ohm). (20) 
1+-w*r¢") 


The function F has a high frequency maximum 
value of about 15 rad/see and drops sigmoidally 
toward zero at low frequencies. L is also a sigmoidal 
function which is zero at low frequencies and 5 pf 
ohm at low frequencies. Both F and JL are half 
their maximum values when f=2.8 cps. The quan- 
tity K is plotted against frequency in figure 3. It 
has a value of 0.136 at high frequencies and rises 
sigmoidally toward unity at low frequencies. Also 
shown in figure 3 is the value of A calculated for other 
values of (,, along with experimental points. The 
significance of these points is discussed in section 
4.2a. 


a. Capacitance Equation 
In the equation for capacitance, eq (10), 


is AC’ CLARK i +(C; CH)ARK R, 


os (R, ‘oe rR )ARL Rs, 


it is apparent that AC, is ordinarily the predominant 
term and the other three are ‘‘correction’’ terms. 
Let us maximize these correction terms in order to 
evaluate their importance. 

The term ClAR,AK/R, has a marimum value of 
only 0.138 pf. This value is achieved when af, is 
110 ohms, A is unity, and C{ is 125 pf. This is 
usually the most important of the correction terms. 

The magnitude of the correction term, (C,—¢ 
AR, K/R;, depends upon the unbalance (C,;—C,), 
which can be experimentally determined or elimi- 
nated. The procedure is to short out C,, and switch 
the unknown out;i.e., across R,. At high frequencies 
(200 eps), with ©, ©, eq (7) toa close approxima- 
tion becomes 


R l I Do aaa 
4 C.w(C.—C,). (2 
mie Z| ae 


4) 
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Frat RE 6 Fy quency depe ndence of the la gest correction te 
in the expression for le 


ry 


K determines the frequency dependence of the main correction 
term of eq (1 Ihe solid lines are calculated using the indicated 
values of C, The experimental points, along with an indication 

the experin error, are show! 

With ¢ luf, the correction term C,H AR,/ Ry is strongly 
frequency depender ind can attain a maximum value at low 
frequencies of 0.138 pf (A=1 In practice, the bridge is operated 
with C, 0 that C,,KAR,/R ndependent of frequency, has 
i Maximu! ue of only 0.019 pf, and can be determined to better 
than 0.001 pf 


in balancing a Schering bridge), then (C,;— (C4) 
becomes zero. Consequently, the correction term 
is zero. This desirable condition may become dis- 
turbed at lower frequencies however, since C,, which 
adds to (3, may have significant frequency depend- 
ence. Under this condition the magnitude of (C: 
(',) becomes (C,—C, [C'.(f)—C,(200 eps)], where 
(',(f) is the value of C, at the frequency f. Even if 
(C;—C,) were 100 pf, then, with C, 
imum value of the correction term (C, 
is only 0.011 pf. 

The correction term, (2? rR, BOAR, R.. de- 
pends critically upon the unbalance in the resistors 
J, and J, and in Rk, and Ry. The ratio ris 0.99859 4 
00004 (See section 4.2a). Using the values of PR, 
and R, given in table 1, (R,—rh,—R,’’) becomes 
(211 ohms—f)')+10 ohms. The maximum pos- 
sible value of this correction term is therefore 0.055 
pf. 

Summarizing the above calculations, it is apparent 
that in most practical cases the correction terms of 
eq (10) are small. The largest of these terms, 
CAR, K/R,, has a maximum value of only 0.138 pf. 


1 uf, the max- 
C,)KAR; R, 


b. Conductance equation 


In the expression for the conductance, eq (11), 


y AR, ies ae w,C, J? 
~ rab +}O,R.F (14-5 )], 


If one sets 2, to zero and balances the bridge at | 


e . . ’ . . 7 Furthe “onsideration of the possible frequency dependence of (¢ Cy) due 
200 eps by adjusting C; (this is the method employed | to other factors is given in section 42d. sini oor 
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the product CLR,F UO + CC eJ7/2) 


hay be regarded 


us a correction term. Because of sensitivity con- 
siderations, discussed in section 3.5, the 10° and 
10” ohm values of 2, are never used above 5 eps. 


(Their use is also confined to low frequencies because 
of possible frequency dependence in their resistance 
At high frequencies the 
largest value of 2. emploved is LOSohms. Therefore, 
the largest value of C’ RF ever encountered is 0.15. 
The correction term contains the multiplying fac- 
tor (1+°0,C,J?/2) Setting (, equal to 1450 pf 
10 percent (this value is determined in appendix 
7.4), then w(,C,.J?/2 becomes (0.286+0.029) at 200 
Therefore, the total correction becomes (0.15 
0.004 


above 5 cps (see table 2) 


eps 
0.043 


3.4. Bridge Equations with C, Shorted 


Let us now consider the case in which (C, is shorted 


(Cj, x the mode of operation to be used in prac- 
tice. With ©, shorted, J; and J, are in parallel 
with FR and Ke, respectively. This lowers the 


equivalent resistance of each arm, and furthermore 
makes the equivalent resistance independent of 
frequency 

The exact bridge equations for the case C,= « 
are given in appendix 7.3. Simplified equations 
which give C, and G, to a sufficient accuracy are 


, AR i i 
( AC ( on BF) kK, (22) 
fe . , R, 
AR ' : 
G l ( R w~ ( PR kK? P (23) 
RoR . 
where 
K=J./(J.+ Ry) =0.136. 
Notice that one of the correction terms extant in 


eq (10) is absent in eq (22 Soth of the correction 


terms of eq (22) contain the factor A, which now 
has the constant value 0.136, whereas in eq (10), 
K varied with frequency having a maximum value 
of unity. In 22) the correction term involving 
(C,—C,) may be made negligibly small by balancing 
Cand C; at 200 eps (see eq (21)). The term C'KAR, 
R, now has a maximum value of only 0.019 pf. 

The expression for the conductance, eq (23), con- 
tains a small frequency-dependent correction term. 
This term is largest when ¢ 100 pf; R,= 10° ohms, 
and f=200 Using ¢ 1450 pf+10 percent, 
the term becomes 0.05+0.005. This value is much 
less than its counterpart in eq (11), which is 0.19. 
It should be noted that the 10 percent uncertainty 
in (, may cause an error of 1 percent or more at fre- 
quencies above 200 eps. 

Below 9 cps, even if Ry were 10" ohms, the cor- 
rection term of eq (23) contributes less than one 
percent to the total conductance and, therefore, may 


cps 


be ignored. 

Since the correction terms in eqs (22) and (23) are 
smaller and far less dependent upon frequency than 
those in eqs (10) and (11 in. practice the bridge is 
operated with ¢ o where egs (22) and (23) apply. 


S 


| 
| 
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egs (22) 


The reader is reminded that and (23) 
apply to substitution measurements only "sie 
decreased by C, when the unknown is switched ‘‘out.”’ 
The procedure is outlined in section 3.2 

99) (92 


Is 


Inspection of eqs | and shows that capa- 
citances between zero and 100 pf are measurable, 
while between 107° and 10 mhos 
may possibly be measured. The sensitivity of the 
apparatus, however, places closer limits on these 
extremes, particularly upon the lower limit of 
conductance 


conductances 


3.5. Sensitivity 


It is informative to calculate the magnitude of the 
voltage appearing across the detector terminals due 
to a small departure from perfect capacitive or re- 
sistive The expression for this voltage 
shows how to improve the sensitivity and predicts 
the smallest observable impedance unbalance. 

The simplified circuit diagram in figure 4 is used in 
calculating the sensitivity. With (C, shorted, the 
equivalent resistances of the ratio arms are denoted 
as Ry and R,. The impedance, Zp, which shunts 
the detector terminals, consists of the input imped- 
ance of the detector employed (?,), paralleled by 
Ry, as given in eq (1), and by the total capacitance 


balance. 


to ground across the detector terminals, Cp. The 
expression for 1/Zp is 
l l - 4 
; + juwl'p » (24) 
} R»y J l 


where /?, is the resultant parallel resistance of PR, 
and Ry. 

The voltage developed across the detector termi- 
nals, Vp, is given by 


VIR, je Rx in 
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(25) 
where V is the applied voltage. 
V 
&) 

FIGURE 4 Simplified circuit diagram from which the sensitivity 


s calculated 








We now make the approximations that ?,=Tx, 
and that the bridge is sufficiently balanced so that 
we may set Zp equal to Z, in the denominator of eq 
(25). Equation (25) becomes 


V /i1 ] 
2 7%, ) 
ee Pk wae? 
Zz Z, rs. 


(26) 


The term RP, ZeZp may be 


denominator leaving 
4 
Zs x A 


Zz -z. 


dropped from the 


Substituting for the Z’s and using the approximation 
that 2/R,<1/R, we obtain 


Vp 
(V/2)R,f\/Rp—1/R, jal ‘p—C'p)|\1 joR p(2C Cr) 
wy? ?(20 2+Cp)? 


(28) 


This approxim: ite equation predic is that the bridge 
is balanced (_Vp=zero) when Rp=R, and Cp=Csx. 

Let a small departure from capacitive wr fle be 
represented by + 6C’p such that 


('p Us I 5C'p (29) 


{ small conductance unbalance, 6G>,, is defined as 


1/R p—!1 R, 6G p 30) 
Equation (28) may be used to calculate Vp when 
a slight conductance unbalance exists in the presence 
of perfect capacitive balance. Setting 6Cp=0, and 
using eq (30) one obtains for the amplitude of Vp. 


—|Rn\5G p 
V,|= = —- (31) 
\! wR p? (20 ptCyp)* 


Therefore, 


V\ p 
Vp 2 Rp 32) 


Gr! 1+a*RE(2C e+ Cy)? 


The expression for Vp per unit capacitance un- 
balance in the presence of perfect resistive balance 
may similarly a derived and is 


V 4 oh p 


OC pr) ¥1 +e RE(2Cg+ Cp)’ 


) 
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Equations (32) and (33) both show that the sensi- 
tivity may be increased by lowering Cp. This may 
be accomplished by minimizing the appropriate lead 
capacitances and the input capacitance of the de- 
tecting device.* 

In figure 5 is plotted V>/6C’p* versus (fRp). Here 
we have estimated Cp)=200 pf, and assumed C,= 60 
pf. The peak-to-peak voltage of the generator, V 
is 30 volts. 


, 
Note that in those cases in which why 
(205+ Cp)<1, Vp/bCp varies linearly with the prod- 
uct (wR,). Under these conditions, the sensitivity 
may be held roughly constant as w decreases by in- 
creasing Rp by a multiple of ten for each decade 
decreased in w. Since 1/Rp~1/hR.+1/R,, Rp can be 
increased by increasing /?,, but can never become 
greater than 2, Therefore, the value of the input 
resistor of the detector will ultimately limit the se nsitivity 
at low freque NCIS \lso, since the conductance must 
be balanced, one is not entirely free in choice of 2s. 
Optimum conditions exist when /, is made as large 
as possible while still permitting conductance balance 
of the bridge. In general the smaller P,, 


the poorer 
the sensitivity to capacitive unbalance. 


When wh)(2C,+ Cp 1, V>/6Cp approaches a 
maximum of 
‘ X10 
} D 2 17 10-3 peak-to-peak volts 
= - = AK = . 
0.001 pf 20%+Cp 0.001 pf 
| 
} 
“ 
Ie | 
> |2 
Fiagure 5. Log-loq plot of the voltage appearing across the detec- 
for lermina D pe increment capacitance ite 
halance (6Cy ( the product fRp. 


In figure 6 plotted Vp/6@p vs. 
various values of Rp. The smallest 
Gp possible with this apparatus 7 
for 6Gp. Note that when « 


frequency for 
increment in 
® mhos) is chosen 
WR y(2Cg+ Cp) >1, Vp/bGp 


* In order to lower Cp the 250 pf capacitor shunting 
Ultrohmeter has been disconnected 
Che amplitude mbol, | |, lropped at this point 


the input resistor of the 


in 
en 
in 


‘ d 


bi 


increases as the frequency decreases and is independ- 
ent of Rp. When owhp)(2Cg4+Cp)<1, Vp/iGp i 
independent of frequency but increases linearly with 
Rp. In general, best sensitivity to conductance un- 


Is 








balance is attained at low frequency using high 
values of Rp 
\— | 
™ 
~\ 
x, 
0 | *~ 
t + 
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vollade pe nerement conductance 


Ss frequen 
Once the « tivity of the detector emp 


iscertained, thi 


table conduct 


In practice the bridge is operated using the highest 
value of 7?,'° that will permit resistive balance. This 
condition also enhances Ys 6C'p, as Was previously 
discussed 
Equations (32 vive the voltage at the 
output terminals for a given bridge unbalance 
Whether or not this voltage is observable depends 
unpon the sensitiy Ivy of the detector. If we denote 
minimum voltage detectable as v,, then the small- 
est capacitive unbalance detectable becomes 


and (33 


d= = ° (34) 


The smallest detectable conductance unbalance is 


d=: 35) 
V ,/6G, 


The accuracy with which dC and dG may be com- 
puted depends upon the accuracy with which v,, and 


Maxin ! | juivalently vill also increase the magnitude of the 
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('p are known. It is impossible to determine vr 
with great precision. Also the value of Cp employed 
200 pf), is merely an estimate. Therefore, values 
of dC and dG@ computed from eqs (84) and 
be in error by as much as 100 percent. 

Calculated values of dC’ and dG, for various pos- 
sible conditions of operation, are shown in table 2. 
These calculated values have proven to be essentially 
correct experimentally. Since the sensitivity, ?,, 
of the detector employed,” as well as its input re- 
sistance, F?,, effect the results, the values of dC and 
dG will be different if other detection systems are 
employed. 


(35) May 


TABI i 2 The miinim im detectable ca pac lance unbalance, d¢ ~and 
minimum detectable conductance unbalance,dG. for various oper- 
ating conditions 

Freque li- Detee- R, a¢ dG Gm* 

cy tor ® 
Cps ohms pl ” hos n hos 
100 I 10! 0. 001 1.3x< 10 10 
108 O01 2. 6 1Q-' 1Q-4 
10 | 10! O02 13X10 10-12 
LO OO] 1.3x10-" 10-14 
| I] 10! 2 l. 3X10 10-2 
10 001 = OX 10 10-16 
0. 1 I] 10! 2.0 tL. 3x 10 10-2 
1G! 0. OO] 5. O 10 10-16 
0. O1 II] 10! 20. 0 13 10 10-2 
10! 0. OO? 13x10 10-16 
» Detect I—preamplifier-waveanalyzer, 1l—Ultrohmeter, LLI—U ltrohmeter- 
¢ record 
(,, is the conductance change due to a 0.1 ohm change in R 


Between 200 and 5 eps capacitance unbalances of 
0.001 pf may almost always be detected. 


With the Ultrohmeter as detector between 2 and 
0.1 eps, dC is less than 0.001 pf unless {p< 2 105 
cps-ohm. Then dC is given approximately by 

210 
dC=- (pi (36) 
‘Rp i 4 


\t 1 eps with #,=10° ohms, dC is 0.2 pf. At 0.1 
eps with ?,—10° ohms, dC is 2 pf, which is a large 
uncertainty. Fortunately, the situation rarely 
arises which requires R,.=10° ohms at 0.1 cps. Most 





dielectrics have a loss index, e’’ less than unity. 
Since 
ss | =) 
€ ’ (4 
> ' J 
wh at 
ve sensitivities of the detectors employed are somewhat frequency 
well as functions of the noise level At 100 through 5 eps an error 
voltage of about 2 X 10-6 volts can be detected A signal of about 210-5 volts 
can be detected on the Ultrohmeter at 2 eps and at 0.1 cps At intermediate 
frequencies, signals as low as 3X 10-6 volts are observablk A d-c voltage of 4X 10 


volts, however, just gives a detectable indication (about one tenth division de 


flection Che increased sensitivity of the Ultrohmeter to a low frequency a- 
signal is possibly due to the feedback utilized, or to a mechanical ‘‘resonance’ 
of the meter’s pointer Using the Ultrohmeter-recorder system below 0.1 cps. 


1 signal of 2X10-5 volts is detectable, 








if the specimen’s equivalent vacuum capacitance, 
C’,, were about 10 pf, its loss index would have to be 
near 100 to require use of the 10° ohm value of PR, 
at 0.l eps. Similarly, at 0.01 cps, the 10° or even the 
10’ ohm range would practically never be required. 

The minimum conductance detectable throughout 
the frequency range is given roughly by the ap- 
proximate expression 


Grm=3fX10-” mhos when f>0.1 eps 
or (38 
Grm=2 107" mhos when f<0.1 eps 
(This expression underrates the capabilities of the 
bridge above 5 cps 


The minimum detectable loss index is approximately, 
en =5X 10°49 C(pf) when f>0.1 eps 


or (339) 
en —310-°/fC, (pf) when f<0.1 eps. 


4. Experimental Check of the Bridge 
In order to check the bridge experimentally, 
measurements were made upon resistors and capac- 
itors of known values. Most of these measurements 
were performed both with C,=1 yf and with C,= @. 
Comparison of the results obtained using the two 
methods in no revealed any significant dis- 
crepancies. 


case 
4.1. Measurements upon Capacitors and Resistors 


of Known Values 


Preliminary measurements were made vpon a 
5.004 pf fixed reference standard capacitor in parallel 


TABLE 3 Results of me 


Measured value 


Frequency 


Resistor 1 Resistor 2 tesistor 


cps 
100 1. 125 x 10° 0. 868 & 10 0. 563 
50 1. 160 ~ 895 678 
20 1. 167 949 803 
10 1. 169 960 874 
5 94.2 
2 l. i¢3 980 _ 980 
l 1. 173 983 990 
0.5 1.174 983 994 
2 1. 174 9835 . 999 
l 1.173 983 1. 000 
O5 t 
01 
d-c(* 1. 173 10° . 9835 & 11 . 995 
» These d-c values are essentially independent of voltage up to 15 volt 
Measurements On resistor 1 at 0.05 and 0.01 cps, were made 1 year after the pre 
ved and found to be 1.17810" ohms, 
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with resistors ranging in value from 10" to 10" 
ohms. rhe measured value of the parallel capaci- 


tance of the resistor itself was subtracted from the 
measured the RC combination to 
obtain values associated with the standard capacitor. 


capacitance of 


The results of some thirty measurements made at 
various frequencies within the range of 0.1 eps to 
200 averaged to 5.0055 pf with a standard 
deviation of 0.0013 pf. This agreement is 
factory, the error being only 0.03 percent. 

The results of are 
shown in table 3 The d-e values cviven in the last 
row were determined to an accuracy of better than 
0.5 percent by an independent technique due to 
Seott [S}] in which a variable air capacitor is dis- 
charged through the unknown resistor while holding 
the voltage by smoothly decreasing the 
capacitance. The values obtained at low frequen- 
cies agree with the d-c values to well within 1 percent 
for the 10°, 10", 10", 10", and 10" ohm 
This clearly shows the bridge’s ability to accurately 
measure resistances in this range at low frequencies. 
At. high however, there is) extreme 
departure from the d-e values for nearly all the 
Rough measurements made with a two- 
terminal Schering bridge near 100 cps essentially 
corroborate the findings of the low frequency bridge 
in this region These results lead to the conclusion 
that the particular composition resistors measured 
exhibited a strong frequency dependence. 


cps, 
Satlis- 


measurements on resistors 


constant 


resistors 


frequencies 


resistors. 


hielded chamber through which a flow 
Measurements on the 10!5 ohm resistor 
humidity showed the conductance to be a decade 
rogen flowing. Results below 1 cps were un 

Since we have no assurance that the flow of 
moved all surface moisture, it is possible that the increased conductance 


juencies may be partially due to m tur 


Chese resistors were measur 
of dried nitrogen gas wa 
at 100 eps in 50 percent relative 
higher than it was with 
affected by this humidity change 
nitrogen re 
at high fre 





asurements on resisto 


In ohn = 
3 Resistor 4 Resistor 5 Resistor 6 
10 0. O97 10 0. OS7 10 0. 013’ 10" 
214 104 021 
27 O37 
59 258 OL 
75 oe 
87 120 120 
95 54 160 
98 64 211 
1. OO2 78 
1. OO4 &S 35 
1. OO4 92 . 46 
1. 0O6 1. OO S4 
10 1. 002 10 1. Ol LQ! 2 LQ 
asuremetl e 1.18410" ohm rhe d-c value was redeter 


This frequency dependence is understandable in 
light of the theoretical work of Howe [9]. He con- 
sidered a cylindrically shaped composition resistor 
and associated with it a constant capacitance per 
unit length. He showed that the equivalent parallel 
resistance and capacitance drop off sharply from 
their d-c values as the frequency is increased above 
a certain value. From his work, it can be inferred 
that the equivalent resistance has decreased about 
one percent from its d-c value (2) when the produet 
(Rf) is near 10'* cps-ohms, and decreases sharply 
at higher frequencies. Using this rule, a 10'? ohm 
resistor should begin to exhibit a frequency depend- 
ence near 1 cps, a 10'* ohm resistor near 0.1 eps, ete. 
Referring to table 3, we see that these predictions 
are roughly verified. 

The frequency dependence of the nominal 10! 
ohm was further investigated using d-c 
techniques. The current in the resistor was measured 
as a function of time, ¢, after application of 20 volts 
d-c. The resistance at time ¢ was then calculated 
using Ohm’s law. <A frequency, f, was associated 
with the time interval, t, according to the equation: 


resistor 


f=0.1/t. (40) 


Equation (40) has been proposed and used by 
Hamon [10]. He has shown that under certain con- 
ditions eq (40) may be used to convert from decay 
current studies of dielectrics to their a-e dielectric 
properties. Although there is no assurance that the 
conditions which justify the use of eq (40) are 
rigorously fulfilled in the present experiment, it is 
the only such equation which has been justified 
and it is emploved here with reasonable success. 

The results of these d-c measurements on resistor 6 
are shown in figure 7 along with the results obtained 
on the low frequeney bridge. The two sets of data 
form a reasonably smooth curve, which gives addi- 
tional confidence in the accuracy of the low fre- 
quency bridge in measurements ot high values of 
resistance. The d-c measurements also provide an 
independent demonstration of the frequency de- 
pendence of these resistors. 

The frequency dependence of these resistors makes 
it impossible to present a clear cut demonstration 
of the accuracy of the bridge through measurements 
of fixed, known, conductances its entire 
frequency range. Estimates of the accuracy of con- 
ductance measurements is based therefore upon 
(a) sensitivity considerations (eq (38)), (b) the fact 
that measurements at low frequencies on lower 
values of resistance are within one percent of the 
d-c value, and (c) the agreement, at higher frequen- 
cles, with Schering bridge measurements (see section 


5). The overall accuracy in conductance is therefore 


across 


about (1 percent 3f 10 mhos) when 
f>0.1 eps, and about (1 percent ae ae 
mhos) when f<0.1 eps. 


From similar evidence the accuracy of capacitance 
measurements may be estimated. While using the 
preamplifier-wave analyzer as detector, capacitances 
can be measured to an accuracy of about (0.05 
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FIGURE 7. F requency de pe ndence of a nominal 10% ohm resistor 


resistor 6). 


low frequency 


@—<-¢ decay me 


econds after 


ipparatus 
isurement using 0.1/t, where t is tl 
ipplication of the d-c voltage 


percent + 0.002 pf). Using the Ultrohmeter below 5 
cps the accuracy is about [0.05 percent (0.002 
2 10°/f Rp) pf]. 


4.2. The Effects of Z;, Z,, and Z, 


Let us now investigate the effects of the stray 
impedances to ground within the generator Z), 
Z,,and Z,. Referring to figures 1 and 2 it is ap- 
parent that any of these impedances may give rise 
to resistive and (or) capacitive shunts across 22; and 
R.,. The possibility exists that these shunts may be 
frequency dependent. The bridge equations, (10) 
and (11), show that impedances shunting R; or PR, 
affect the results of substitution measurements only 
in the Therefore, it is possible to 
learn something of the magnitude of these stray im- 
pedances through an experimental study of these 
terms. 


“correction terms’’. 


a. Stray Resistive Shunting of the Ratio Arms 


The largest of the correction terms in eq (10) is 
the quantity, CJA AR,/R,, which has a maximum 
value of 0.138 pf. Through an experimental study 
of this term it is demonstrated that no appreciable 
stray shunting of the ratio arms occurs. 
An understanding of the origin of this term will be 
helptul in the discussion to follow. 

The correction term, (CLAR,K/R,), from 
the fact that the equivalent value of one of the ratio 
arms is dependent upon the setting of Ry. Since R, 
is varied to balance the conductance, R, will be 
different for the two bridge balances necessary in 
the substitution method. If the ratio arms are not 
the same at the two balances, the capacitance 
measurement requires a correction. 
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re sistive 


arises 








It can be shown that if any resistor, which we 
shall call Jx shunts Ry, (such as J, shunts Ry when 
C, is shorted) then K is given by 


. l 
IxtRi an) 


Therefore, through measurements of A it is possible 
not only to ascertain that a resistor is shunting R,, 
but also to determine its magnitude. 

The magnitude of A can be determined by per- 
forming two substitution measurements of the par- 
allel capacitance and resistance of a resistor. These 
measurements are made using two consecutive values 
of R,. Using values of FR, having a ratio of ten to 
one necessitates that the ratio of the AR,’s between 
the two measurements be one to ten. Therefore, 
the magnitudes of C/AR,A/R,, will differ by nearly 
a multiple of ten. The difference in AC, and in 
AR, between the two peary rr sae (labeled 1 and 
2) are [(AC,),—(AC;).| and [(AR,),—(AR,).] respec- 
tively. A is then 


t4l (AC, (AC’,) 2] 
PGE o (AR,),| 


i} 


K (42) 


The preceding outlines the method used to detect 
a resistive shunt on ?,. Due to the symmetry of 
the generator circuit one would expect that if a 
resistance shunts 24, one nearly equal in magnitude 
would shunt R;. One cannot be certain of this, 
however, and a method through which a resistive 
shunt on R; may be detected must be devised. The 
method employed involves observing the change in 
capacitive balance when the generator terminals are 
interchanged. At balance the ratio of the capaci- 
tances will be determined essentially by the ratio of 
the resistive arms. If R; and Ry are asymmetrically 
shunted, upon interchange of the generator terminals 
the capacitive balance will change. With the gen- 
erator connected as originally shown in figure 1 (i.e., 
J, connected to point W in the bridge), the value of 
C, at balance will be called C,,. The value of (C, 
at balance after interchanging the generator connec- 
tions (with Cy, unchanged) is called (,,. From eq 
(6) with C,=©, J;=dJ,, and J.=Jx, the ratio of | 
the resistors shunting PR; and FP, is given to a close 
approximation by 


= (C_.—C’.,) S 
Ji _ PO od (1 | Li ); (43) 
Jx 2 B R, 


where J; represents the resistance shunting FP, 

the original bridge-generator connection. The de- 
parture of J,/Jx from unity is therefore directly 
proportional to ((,,—C,,)/2C,. Thus, measurements 
of (C,,—C,,) and of K are sufficient to determine 


dx and Jr. 


8 Even with C,=1 uf at frequencies near $00 ope K is Jo/( J2+R )=0.136. This 
means that the capacitive coupling through C, is sufficient to effectively shunt 
Ra by Jo. Near 0.1 eps, however, the value of K is unity, implying that this 
capacitive coupling is no longer effective At about 3 cps, where Z,~105 ohms, 
the “‘crossover’’ between these two extremes occurs 


34 


The results of these experiments are shown in 
figures 3 and 8. In figure 3 the curves are calculated 
from eq (13), which gives A as a function of fre- 
quency. The experimental points fall on the caleu- 
lated curves to within the experimental error. Note 
that with C,=1 uf, K is unity near 0.1 eps, indicating 
that there is no effective resistive shunt across R,. 
Near 100 cps, A becomes essentially 0.136 as pre- 
dicted. With C,=o, K remains near 0.136, indi- 
cating a frequency-independent 15.8 kohm shunt. 

At frequencies near 100 cps, the value of A’ was 
also experimentally determined with C,=0.1 yf and 
0.01 uf. This was done to obtain a more sensitive 
test for stray resistive shunting at high frequencies. 
These points also fall on the calculated curves to 
within the experimental error. Therefore up to 100 
cps the stray impedance s within the generator aive rise to 
no significant resistive shunt on Ry. Even a 10° ohm 
shunt across 2, will have no noticeable effect upon 
the results if the substitution method is employed, 
particularly if one operates the bridge with C,= o@. 

Figure 8 gives the results of measurements of the 
change in capacitance balance, upon interchange of 
the generator-to- erielge connections. The experi- 
mental points for C,=0 indicate that no asymmetric 
resistive shunting exists up to a frequency of 100 
cps. Above 100 cps suc oa peep is evident with 
C,=0. With C,=1 uf « = ©, the effect of this 
asymmetric shunt is cal | and becomes evident 
only above 200 eps. 














Figure 8. The change in capacitance balance (Cero—Cgi) upon 


interchange of the bridqe-generator connections. 


The change in capacitance balance with interchange of the gener- 


itor to bridge connection, according to eq (43), serves as a measure 
of the unbalance of resistive shunts arising within the generator 
ind placed across Rs and Ra 
Below 200 eps, with C,=, the value of 


(C',,—C,,)/2Cz, is independent of frequency and is 
(0.00122. From this one may compute the value of 
r by using eq (43). Substituting we have: 


rs 1.58 X10 
. l 99 | ’ 
r=T=] 0.00122(1 108 ) 


giving r=0.99859."4 


44 The ratio r was also determined by an independent d-c technique which gave 
0). 99860-00005 


The experimental points for C,=1 yf clearly show 
the ‘‘erossover”’ between asymmetric shunting by J; 
and J. at high frequencies, and no shunting at low 
frequencies. 

In summary, it has been shown, through measure- 
ments of K and (C,,—C,,)/2Cp, that the resistance 
shunting the bridge arms due to the stray imped- 
ances in the generator, is most certainly greater than 
10° ohms, and that below 100 eps such resistive shunt- 
ing that may exist is symmetrical to within the require- 
ments of this apparatus. 

b. 


Capacitive Shunts across the Ratio Arms 


Any capacitive shunt originating from the stray 
generator impedances Z;, Zz, and Z, and placed 
across /?, and R, are included in the total capacitance 
across these arms, (; and C, respectively. In appen- 
dix 7.4 the value of C, is found to be about 1400 pf 
at 100 eps. It is necessary to know C, in order to 
evaluate the correction term in the conductance 
equation (eq (23)). It is shown in section 3.2a, eq 
(21) that (C;—C,) can be made zero at 100 eps by 
adjusting the variable capacitor across R;. This 
adjustment eliminates, at high frequencies, a correc- 
tion term involving (C;—C,) from the capacitance 
equation (eq (22)). However, since (; and Cy; con- 


9 
» 


tain components which are possibly frequency 
dependent, it is necessary to verify that (C;—(C,) 
remains zero at lower frequencies. 

An attempt was made to determine (C3;—(C,) at 


0.5 eps by measuring the magnitude of the correction 
term (C,;—(C,) KAR(/R, in eq (10). At 0.5 eps, the 
sensitivity of the Ultrohmeter is best, and with 
(,= uf, Kis near the maximum value of unity. The 
experimental procedure employed was to first 
balance (; and (, at 100 eps. Then at 0.5 eps a 
substitution measurement of the parallel capacitance 
of a suitable resistor is made. The quantity 


is then determined from eq (10). Next the genera- 
tor-to-bridge connections are reversed and (3; and C, 
balanced once again at 100 cps. Interchanging the 
generator connection interchanges the generator’s 
contribution to C,; and C,. Thus, if (C;—C,) is 
positive at 0.5 cps, upon interchanging it will be 
negative. Measuring the capacitance of the resistor 
once again at 0.5 cps one may compute 


-AR, ,» AR, K 
pO LR SMD en ee 2 
gir. R, — ° 
R w\ AR , 
+( R.— | ) = Ey. (45) 
r R, 
from eq (10), with J; and J, interchanged.” 
Subtracting C,,; and C,,, we have 
-AR 
Cm —C m= 2 (C3—C) K al (46) 
v2 
Thus, (C3;—C,) may be determined. 
Measurements were made upon a nominal 107° 


ohm resistor. This value was chosen as a compro- 
mise between two conflicting factors. One must 
attempt to minimize-R, so.as to make the correction 
term large, and at the same time maximize RF, so that 
best sensitivity to capacitative unbalance is achieved. 
A compromise is achieved with a value of R, of 10° 
ohms. At 0.5 eps, with R,=10" ohms, the capaci- 
tance can be balanced to about +0.005 pf. If AR, 
100 ohms the magnitude of AR,/R, will be 1075, 
which corresponds to a value of 10’ ohms for R,. 
The experimental data obtained upon performing 
this experiment are given in table 4. The experi- 
ment was performed twice using two values for C; 
(100 pf and 20 pf). The difference between the 


average values of C,,; and C,,, was [0.0755—0.0725] 


pf=0.003 pf. This is within the experimental 
| = | _ ARK accuracy of +0.005 pf. If we take this number at 
i ( (¢ CK R AC’ .+C; PR its face value, we can compute from eq (46) a value 
ie “ of about 200 pf for (C;—C,). If (C;—C,) is 200 pf 
R a oa AR, With J; and J2 interchanged the factor (R;—rR«—R, ) in eq (10) becomes 
T (lig rh 4 hi 1) R L (44) (Rs—Rs/r—R,) which, upon evaluation, gives (—71 ohms—R,). The magnitude 
‘2 of this term depends strongly upon accurate knowledge of the values of R3, Ry, andr. 
TABLE 4 The parallel capacitance (C,,) of a nominal 10° ohm resistor measured before and after interchanging the yenerator to 
bridge connection 

Generator connection Cy (pf) AC, (pf) AR,/R a(pf) b(pf) C»(pf) 
Ordinary 100. OOO 0. OO38 74. 3/10 0. O72 0. 005 0. 074 
Ordinary 20. 000 +-(, 052 74. 5/107 . 014 . 005 . 071 
Interchange 100. OOO O10 74. 5/107 . O72 0. 005 . 077 
Interchange 20. 000 . 065 74. 5/107 O14 0. 005 . 074 
a= KAR, Cy/ Ry; b=(R3—rRy—R) AR,L/R2, ordinary; b=(R;—R,/r—Ri') AR,L/Ro, interchange; C,—AC,+a+b: and 

R AR 


These data, obtained at 0.5 eps, together with eq (46), indicate that (C 
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C,) remains negligibly small at low frequencies. 








at 0.5 eps, with C,= ©, the maximum value of the 
correction term (C;—C,) AR, K/R:, is obtained with 
R,=10* ohms and is less than 0.003 pf. This is well 
below the uncertainty in capacitive balance under 
similar conditions, which is determined from eq (34) 
as +0.06 pf. Therefore, (C;—C,) remains sufficiently 
low that its effect wpon capacitance measurements is 
always less than the limits of sensitivity." 


5. Measurements upon Dielectric Materials 


As a final check upon the performance of the 
bridge (particularly near the high frequency end) 
measurements were made upon dielectric specimens 
and compared with results obtained using a two 
terminal Schering bridge (General Radio 716—C). 

The two materials chosen were polymethyl- 
methacrylate (PMMA), which has a fairly high value 
for the loss index (e’’); and a specimen of fused silica, 
which has a low loss index. These specimens were 
circular disks whose physical dimensions are given 
in table 5. 
TABLE 5. Dimen of the dis 


ons 


shape d dielectric Spe ciumens 


Material Thickness Area of plane Cc 
face 
PMMA 0. 1627 em 11. 310 em? 6. 155 pf 
Fused silica 1435 em 7. 554 em 1. 661 pf 


In order to eliminate series air films, the plane 
surfaces of the PMMA specimens were covered with 
tin-foil-petrolatum electrodes while the fused silica 
specimen received electrodes of evaporated gold. 

A brief description of the experimental technique 
used in measuring e’ and e’’ follows. (A more com- 
plete description is given in ref. [7].) A micrometer 
holder, having plane circular electrodes 2 in. in 
diameter was employed. ‘The diameters of the 
specimens were less ‘than that of the electrodes in 
order to assure that the field within the specimen 
was uniform. The dielectric constant is computed 
from the measured parallel capacitance, C,, 
to the equation 


according 


(47) 


where ¢, is the separation of the electrodes with the 
sample between, ¢, is the specimen thickness, and 


sim} ed method of measuring C:—C, is given here 
i re tor F,, then (¢ ( can be measured at low fre 
eq (10) which contains frequency dependent terms 
ilid if one uses a larger value of K R, is inserted 
ncrease the correction term containing (¢( ( 
, where the 
Jo=15.8 kohms, 


0.91, 


1 A mathematically 
If one rep] v 
quencies without u 
R,=500 kohms, then eq (22 
in order to increase K and th 
The value of K becomes RF, 
shunting Ra) is Jo4 
kohm R 





aces ¢ with 
sing 


equivalent resist 


Jn) y= 1, and R, 


. " Since 
sand Kk 


‘ xperimental procedure outlined previously is unc 


ther 


, AR 
C)K R,’ 


m 
il 


is expression contains frequency dependent correction tern th 


analysis of the results obta 


(, is the capacitance of the holder measured without 
the specimen in place and with the electrode separa- 
tion equal to ¢,. The loss index is obtained from eq 
(37). 

The results of measurements made at room tem- 
perature upon the PMMA specimen are shown in 
figure 9. No visible discontinuity exists in the data 
obtained on the two bridges. The data in the region 
in which the frequencies overlap is also presented in 
table 6. The maximum difference in ¢’ is 0.0016. 
This is a difference of only 0.05 percent. The values 
of e’’ agree to within 0.2 percent. 


TABLE 6. Con parison of dielectric constant and loss indea 
obtained on the low fre yuency apparat is and on a Se hering 
bridae for PM VJ 1 

€ e 

Frequency 

L. | Schering L. F Schering 
bridge bridge bridge bridge 
cps 

50 3. 3625 3. 3617 0. 2060 0. 2064 

75 3. 3089 3. 3080 1961 . 1965 

100 3. 2733 a 2ead . 1879 . 1877 


Results for the specimen of fused silica are pre- 
sented in figure 10. The difference in the values of 
obtained on the two bridges is, as before, 0.05 
percent. The data of figure 10 may be joined 
by a smooth curve even though there is a difference 
of 0.00035 in the values measured at 100 cps. This 
difference is well within the stated accuracy of the 
Schering bridge, and may thus be largely associated 
with the seatter of the Schering bri lore data. The 
values of e’’ obtained on the low frequency apparatus 
fall within 0.0001 of the drawn curve, which is in 


; 
€ 

’r 
€ 


keeping with our calculated accuracy of + (1%+5 
10-4/C,(pf)). 
6. Comments and Discussion 
It has been demonstrated (section 4.2) that the 


stray impedances in the generator Z,, Z:, and Z, 
produce no ill effects upon the operation of the 
bridge. The fact that this is true for the particular 
generator employed does not necessarily imply that 
the same is true of another generator, even though 
it be of the same manufacture. If another generator 
were employed, it would be necessary to perform 
those experiments which demonstrate the effects of 
those impedance Ss. 

It bas been shown that it is preferable to operate 
the bridge with C, of figure 1 shorted. In this mode 
of operation, where eqs (22) and (23) apply, the 
correction terms small in magnitude and essen- 
tially frequency independent. 

In its present state, this apparatus can be profit- 
ably employed to investigate the dielectric properties 
of materials at low frequencies. The present meas- 
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FIGURE 9, 


»w frequency apparatus 


tie ering bridge 


urable range of capacitances, 0 to 100 pf, could be 
extended through of larger range variable 
capacitors, C, and Cz. This alteration would make 
two minor changes in the behavior of the bridge. 
The correction terms of eqs (22) and (23), whose 
magnitude depends upon Cf, would be correspond- 
ingly increased, and the sensitivity to bridge unbal- 
ance would be decreased under certain conditions as 
shown in eqs (32) and (33). 

The range of conductance presently measurable, 
10-* to 10°° mhos, is adequate for most purposes. 
It appropriate, however, consider 


use 


Is to means 


whereby higher values of conductances may be 
measured. Since G,=—AR,/R,R,, higher values of 
conductance Thay be measured by decreasing ks 
and/or Ry, or by increasing AR. 

qs 22) and (23) remain adequate approxina- 
tions if any of the above alternations are made. If 
R, is lowered to 10* ohms, the correction term 


(YAR, K/R,, of eq (22), would increase from a maxi- 
mum of 0.019 pf to 0.85 pf. A correction term of 
this magnitude is almost too large to be tolerated. 
Furthermore, if Ry were 10* ohms, the 
term eq (23) would become almost 
magnitude. Decreasing PR, i 
mended 

If the minimum value of R, were made 10° ohms, 


correction 
doubled in 
s therefore not recom- 


of 


and Ry, remained 10° ohms, conductances of 1078 
mhos could be measured, and the correction terms 
of eqs (22) and (23) would not be altered. It 


should be mentioned, however, that if R, were 10° 
ohms, the capacitive sensitivity at low frequencies 
would suffer severely. 33) or eq (36)). 

If the range of AR, were increased to 10° ohms. 
the following effects would result. From eq (23), it 
is apparent that conductances previously measurable 
with a particular value of R, would become measur- 
able on the next higher value. Therefore, under 


(see eq | 


log 


1 « 


37 











383 f - 
FUSED 
: ° VOEU 
Oman SILICA 
, . wag 
3.82 “—e—., 
| oe 
. . 
€ | . 
. 
3 iol i 
° 
) ‘ 2 
~ ° 
€ © 
° 
2| . 
| ° 
: ° 
| ° . 
| } 2 o-$ 
| . 
7. 
. 
0 I 2 3 4 2 
LOG FREQUENCY 
FiGuRE 10. Dielectric constant, e’, and loss index, e'’, versus 
log frequency for specimen of fused silica at 24.2 °C. 


low frequency apparatus 
w 
lhe difference in the value of e’ measured on the low-frequency 


ipparatus and that obtained on the Schering bridge at 100 cps is 
only 0.05%. 


Schering bridge 


most circumstances, the sensitivity to capacitance 
unbalance would increase (see eq (36)). If AR, 
were increased to 10° ohms, however, the maximum 
value of the corrections in eq (22) would be increased 
by a factor of ten. The maximum of CjAR,K/R, 
would become 0.189 pf, which is not excessively 
large. 


Kither of the last-mentioned alterations offer pos- 


sibilities of increasing the range of measurable 
conductances without adversely affecting bridge 
accuracy. If used together: ie., R,—10° ohms, 


AR,=10° ohms, while R, 
as high as 10 


10° ohms, conductances 
7 mhos could be measured. 

It is informative to compare the performance of 
this apparatus with that of otber low-frequency 
bridges. In table 7 the frequency range, the capaci- 
tance and conductance ranges, and the sensitivity 
of this apparatus is compared with that of two other 
bridges. Referring to table 7, it is apparent that 
the apparatus studied here (a) may be operated 
about a decade higher in frequency, 
conductance sensitivity and 
better capacitance sensitivity. 


(b) has better 
has, in general, 
Both the bridge of 
Weingarten and that of Nakajima measure capaci- 


(C) 


TABLI ‘ f Comparison of three low frequency bridges 
Conductance Capacitance 
Frequency 
ran 
Ran Sensitivity ® Range Sensi 
tivity 
tivity 
mho mho pt pf cps 
Weingarten It to 10 ~h X10 to 1000 A), 1 10 to 0.008 
Nakajima 10-7 to 10 ~10 to 800 ~(). 2 10 to 0. 008 
his apparatus 10 to 10 ~3X10 to 100 A). O01 200 to 0. 008 
* The sensitivities given here are valid for frequencies near 0.1 eps. A detailed 
liscussion of the sensitivity of this apparatus is given in section 3.5 








tances near 1000 pf. The present bridge may be 
modified to do so also. The bridge of Nakajima 
can measure conductances as high as 107’ mhos. 
Alterations of the present bridge, whereby conduct- 
ances of this magnitude can be measured, have 
previously been discussed. 

The present bridge has been subjected to a 
detailed theoretical and experimental analysis, which 
gives confidence, within the limits stated, in the 
absolute values of the dielectric properties obtained 
with it. It is well suited to the investigation of 
dielectric relaxation phenomena in materials where 
the loss is low, and where molecular mechanisms 
lead to long relaxation times. 


7. Appendix 
7.1. Derivation of the Bridge Balance Equation " 


Referring to figure 2(b) we see that the Y network 
consisting of J;, Z,, Jz may be transformed into a 
A network containing an impedance across Z; which 
we shall call Z, and an impedance across Z, which 


we shall call Z,,,. 


The transformation equations are 


Sheet) 


Zn=J2tZ,(1 . ): 


The balance equations of ithe resulting Wheatstone 
network can be wriiten as 


ae i iy 
E Z,\7 [ zc: |2 


Setting J,/J.=r, substituting for Z, and Z,, in this 
expression one obiains the balance condition stated 
in eq (2), 1.e. 


[rea uh 0 a 
ace he. ee ee 
(A-3) 


(A-2) 


7.2. Exact Solutions of the General Bridge Equations 


The exact solutions of the bridge balance equa- 
tions with (, in the circuit are obiained by com- 
bining eqs (6), (7), (8), and (9) and solving for C, 
and 1/P,. The solution for C, is 


C,=C;—C,+A+B4+C+E (A-4) 


7 The author wishes to thank F. K. Harris for suggesting this derivation of 
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W 
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Gear )P CF (rl | 


In eqs (A-4) and (A-5), D is given by 


D=14+ R4/R g+?r?+w't (A-6) 
where 
C2R's J c. Ry J 
o= 7 al tp ttn) o') +a (rtp) 


l+r)C » ( 2; ¢ re 
I ( ) | y) 4 )- 1 At 

( ( n hi ig - 

and 

T C20 (C,+-C sg) R 2I?/(+r) 

Approximate solutions with ¢ Luf. Let us now 
evaluate the various terms of eqs (A-4) and (A-5) 
and drop those which are clearly unimportant. We 


shall deal first with the case wherein C, is luf and be- 


gin by evaluating w*rj and w'r}. In order to do so 
we must obtain the value of ¢ In appendix 7.4, 
(, is determined to be 1450 pf 10 pereent.  Ad- 
ditional leads may be employed in the future, thus 
increasing (Cy. It will however, be assumed that 
C, 52000 pf Using the values for the constant 
parameters given in table 1, and the value of 0.99859 
for r, (determined in section 4.2 a), we obtain w'r}< 
sae 10°F Since R,>10" ohms, RY YRy~10 
ohms, and (,<125 pf, the expression for w*72, to an 
Accuracy of about O.S percent, becomes 
» wl pdt ; Ke a 
wT (1 ; ( +"): (A-7) 
Upon evaluation this becomes: w’72?=0.132 f?. 
At frequencies less than about 600 eps w*7?> 100 
(w‘rf). Since the bridge is operated with f<600 
eps, then o'r? is negligible. To an accuracy of 
OLS percent o1 better, Dis gviven by 
D=1+w (A-S) 


In order to evaluate the terms In eqs (A—4) and 


(A 5) the following identities are used 
| | a AR 
> 2 pre ( I T > ) ’ pre 
ia De Ro] RRs 
(A-—9) 
| I R, AR, 
is ie tehaks 
These relationships are derived from eq (1) of see- 
tion 3.2 
Since R,>10" ohms the quantity Hin eq (A—4) 


contributes less than 0.001 pf and may therefore be 
omitted. The expressions for A, B, and which | 
may contribute terms greater than 0.001 pf, may be 


reduced to the following with the aid of eqs (A-7) 


(A-S), and (A-9) 
1’ AR, (1-+-w?r?+- R,/J2) 
4 ’ 
R4A+ w?r? L. FE alto) 
(A--10) 
BR’ ( ARR rR, ey) 
} : 
2h RC tT W°To) 
and 
( , 0 O AR,( 1 wT? T Le = 
( ) —s > e 
. R,( WTA) | t R, edo) 
In eqs (A-10) use is made of the approximations 
Rime R AR eR 
(A—11) 
Side, 
and 
rU"»,>(U+r)c. 
The approximations (A-11) are accurate to about 
0.1 percent. These approximations are not applied 
however in simplifying the expression (1+-R4/Rp— 
| | 
rR/Rs). From eq (1) this becomes (R, a 
Ry’)/R, to an accuracy of about 10 ohms/R 
The expression for C, becomes 
0C,—C,—C,/+A’4+ B’+¢ (A-12) 
Further evaluation of A’, B’, and C’ is given in 
section 3.3 
In the equation for G,, eq (A—5), it can be shown 


that the terms 0 and P 
percent ot -G.. 
0.001 and 


will constitute less than 0.2 
be omitted since Re R,—1 
0.002. Also since 


and may 
(1 


r) (C',— C4) 
600 pf (see section 3.2a), NV is less than 0.2 percent 
of G, and may be omitted if f <200 eps. Q@ may be 


| omitted to an accuracy of at least 0.1 percent since 
R,>10°R,. M can become significant and is re- 
tained. Using eqs (A-7), (A-S), (A—-9), and (A-11) 
the expression for the conductance may be written 
AR, 
G.= fl+ MM’ (A-13) 
ia” 
where 
( AD Ww TA 
M’ 3 | (24+-0°C,C, J7)- 
R,C,1+),/R,)? _1+7? ee eae 
(A-14) 
This expression for AZ’ is accurate to at least O.8 
percent. Further discussion of eq (A-13) is given 
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in section 3.3. 


7.3. Exact Solutions of Bridge Equations with C, 


Le°] 

The bridge is ordinarily po —_ C,= @. 

The exact solutions, eqs (A-4) and (A-5), of the 

| bridge balance conditions are simplified with’ ¢ ~= @. 
The solution for (, is 

C,=C,—¢ t+--+- C-}- € (A-15) 








where 


. J l l 
—Cs (1+) (g2—pr) } 

= ] ; = | J : mf 
7 (pe-R;) [ (rt ptppr )— C(t 7) } 


(Cet+C,) J?/ 1 | 
d R, ( Sa B', 


The conductance is given by 


l 


] 
G: Re Rat di ed. pP 1 qd; (A-(16) 


where 


a i l l ] w J iC’, 
m- [« . ( R oe a )— . ( Rs Rs } d 


(C,—C,) (1 I 
d R 3 Rs 


BP RE. 5 ] 1 \(r+Ji/R4)’ 
e [« bi nei) Nee-Ry) d 


) w* J 2 a 


With the aid 
of eq (1) and the values given in table 1, the factors 
in the expression for d can be evaluated. Noting 
that J,/R,<210~°, and that w?2.J?C, (C,+C,) << 2> 
10-* when f <200 eps, d becomes, 


Approximate solution with C, ©. 


d=(r+J,/R';)’, A-17 


to an accuracy of at least +0.2 percent, 

In eq (A-15), since R,>10' ohms, the term e is 
less than 0.001 pf and may be omitted. The terms 
a and ¢, which may be greater than 0.001 pf, are 
simplified using eqs (A—9), (A-17), and (A-11), and 
become 









employe 

i (A-16) may sti 
l ler whose variabl 
till apply Equation mila 1s 
FR, is aresistive voltage divider, and with these 
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he proposed use of a resistive voltage divider in place of a variable R; would 
end to hold t tota tar f nore nearly constant thus reducing the 
tr n 


changes in R 





TQ ty 


gnitude of correct 


; CAR, 
RQ T | a J>) 


. C,—CyAR, 


, . (A-I1S) 
* ~ RI+Ri/d2) 
Our expression for C’, becomes 
C,—Ci—Ci'+a’+e’. (A19) 


Further discussion of eq (A-19) is given in section 
34. 

In the expression for G, (eq (A-16)), the term 
p may be dropped R,/R4—1\|<0.001 and 
(1—r)<.0.002. Also, n may be omitted to an aecu- 
racy of 0.1 percent or better, since f<200 eps and 
(C3;—C,)< 2500 pf. The term gq may be dropped 
since it is less than 0.1 percent when R, >R,/100. The 
quantity m, however, is not always negligible and 
must be retained. 

Using eqs (A-9), (A-17), and (A-11) the expres- 
sion for G, may be written: 


since 


AR, 
G 1+ ft. (A—20 
RR, e 
where 
Cc ’ wo t (’ 
m’ wD J (A-21) 
(1 R, Je)" 


Detailed consideration is given eq (A 20) in section 
3.4. 


7.4. Measurement of C, 


The total capacitance, Ga which shunts B. Is 
best measured at 100 cps where the effects of a 
capacitive shunt will be pronounced. ‘To 
further enhance the relative importance of C,, the 
effective value of the resistive ratio arm should be 
maximized. At 100 eps with either C,= © or 
C.=1 uf, R, and Ry, are effectively shunted by JJ; 
and Jo. If C,=0 however, no resistive shunting of 
R, and R, occurs, so that the equivalent resistance 
is maximized. Accordingly C, is best measured at 
100 eps with ¢ (). 

The method by which ¢ 


most 


, can be measured is devel- 


oped from eqs (6) and (7). Setting C,=0, these 
equations become 
( ; ( id ey, iz. ( Ri, (A -)9) 
Ki Ry, R, 
and 
| Rs 
tw"? h (Cpl s—C C2). (A-23) 
Rp Rel el 4 
Substituting for 1/Rp, eq (A-22) becomes: 
Ry R. . Ri, 
Cp=Cs pH - Tp ( Cap 
Ii Rx Ki 
w°C RR, (( pl’, (',f 3). (A-24) 


R, is set to zero, (so that according to eq (1), 
R,= ©), and the bridge is balanced by varying C, 
and ©3, with no unknown in the circuit, eqs (A-22) 
and (A—23) give: 


( CahR,/Rs, 
aii 
CLC =—C x 
or 
C'p R , 
( neg, ( A-25 
4 ( z, ( ) 


Here we have assumed the parallel resistance of the 
capacitors Cz and (, to be infinite. The values of 
(, and of C, at balance are denoted as Ci and C; 
respectively 


If C’; is now increased from (3 by an amount ACs, 
the bridge may be rebalanced by adjusting PR; and 
( Equation (A-24) becomes 

Ba. ce R, 
( ap +“ 1 034+-40,—C 
ie Ke a 
wv RNC GS (C.+40 a) (4-2) 
where 
Rs2R eg 
and 
Rn RB R, 
ip R”’ , 


Here CY’ and Ry’ represent the values of C, and R; 


at balance after increase of (C4. 


With the help of eqs (A-22) 


J or+ac oP 


where 


we may write 


3 re 
ta a 


C,AC,—CpAC,, 


Substituting these quantities into eq (A-26) and sub- 


tracting (A-25) vields this solution for C, 


( ( ndf { RK," 
ZAC’ 2k, R Pew AC 
l R C'pAC’; F 
2 RR, Rew AC AC’ 


Cp Ry 
ACR 


AC’ 
a0 


} Ky sai 
The experiment outlined above was performed at 
100 eps, with Cz=100 pf and R,=10° ohms. After 
the initial balance, C; was increased by 100 pf. The 
balance was restored when AC,=0.099 pf and R;, 
Was set to 38.8 ohms. Using these results, and the 


minus sign before the square root, the solution of eq 
(A-28) is 
C,=1450 pf. 

In order to test the accuracy of the method the 
experiment was repeated after adding 1000 pf to C,. 
The result obtained for (C,+1000 pf) was 2310 pf. 
Comparison of these values shows that the result 
for Cyis accurate to about 10 percent. This accuracy 
is adequate for setting an upper limit on C,. 

The value of C, employed is 

Cs (A-29) 


1450 pf+ 10%. 


7.5. Bridge Circuit with Wagner Ground 


If one desires to operate the bridge in such a man- 
ner that the generator’s impedances to ground do 
not affect the balance conditions then a Wagner 
earthing device may be used as shown in figure 11. 
[In this case the impedances Ji, J2, and C, (see fig. 1) 
have been removed from the generator. Stray im- 
pedances to ground which may exist in the generator 














are now in shunt with the arms of the Wagner 
ground consisting of R;, R:, and C;, where their 
| effects may be balanced out. 
9 
R, Ro 
oe + ph,——§$4 
a a 
Cr 6G 
a... 
UB 
+ “a 
- = ee 
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fr A a 
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FIGURE 11. Proposed circuit which includes a Wagner ground 


C, and R, are the unknown impedances; Cs and Cz variable 
capacitors; R3=R,=105 ohms; Rs=Rs=Rr=Rs=2 kohm (Rs 
variable); R;, variable from 0 to 111 in 0.1 ohm steps; RA» inter- 


variable capacitor, 100 to 1000 pf 


lances 


changeable 105 to 10° ohms; C;, 
With this cireuit it is possible to balance out stray impe« 
to ground which may exist within the generator 


4] 








The circuit is balanced as follows: with the detec- 
tor in position G, Rs and C; are varied to achieve ¢ 
null. With the detector in position B, C, and R; are 
varied to attain a null. The change in fF, will 
slightly affect the original balance so that balance 
with the detector at G will have to be reestablished, 
etc. The circuit is balanced when a null is obtained 
sumultaneously at points G and B. By repeating 
this balancing procedure with the unknown “out” 
and then ‘‘in’’, C, and R, may be determined in 
terms of the impedances (,, R,, R:, Rs, Ry, Rs, and 
R,. The solutions for the unknowns become to a 
very good approximation ; 


, ” CAS: RDR, 
C.=C és — ; (A-30 
; T R,(R,- Rs) 7” 
and 
Re “pf 
G,- - (A-31 
. RR, ; ; ) 


Here it is assumed that the stray capacitances across 
R; and R, are less than 10 pf. 

R; and FR, are placed in shunt with RP; and (Ri +R,) 
respectively. Being lower in value they effectively 
determine the magnitude of the equivalent resistive 
ratio arms. ‘Their purpose is to reduce the variation 
in the total value of the resistance of the arm which 
results from changes in /,. 

Twenty kilohms was selected as the magnitude of 
R,;, Rs, R;, and Rs so that the load on the generator 
would be comparable to that shown in figure 1. 
Perhaps lower values of resistance could be employed 
without overloading the generator but this point has 
not been investigated. 
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The sensitivity of this apparatus will be formally 
identical with that described previously by eqs (32) 
and (33) as long as coupling between points A and 
ground, and B and ground is negligible. 


The author is grateful to F. K. Harris, F. R. 
Kotter, J. D. Hoffman, and William P. Harris for 
their constructive reviews of the manuscript. John LI. 
Lauritzen, Jr., is given special acknowledgement 
for his participation in many helpful discussions. 
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The Ephi System for VLF Direction Finding* 
G. Hefley, R. F. Linfield, and T. L. Davis 


(August 11, 1960) 


\ new system of VLF direction finding has been developed and tested by the National 


J Bureau of Standards, Boulder, Colorado. The system has been named ‘‘Ephi’’ (E-@) 
| because the bearing of the transient signal is determined from the relative phase (@) of the 
vertical electrical field (E) received at spaced antennas. The advantage of this scheme 
compared to conventional crossed-loop techniques is that it minimizes siting and polarization 
errors \ minimum of three antennas must be used to resolve directional ambiguity, and 
the preferrred antenna location is at the vertices of an equilateral triangle with baselines 
equal to's to 4%o wavelength (at 10 ke). Appropriate phase detectors, delay lines and 


coincidence circuits are used to obtain a directional code in preset sectors. Within practical 
instrumentation limits any number of sectors of variable widths can be operated simulta- 
neously and each can be rotated in azimuth. 


1. Introduction | A unique aspect of the Ephi system is that the 

relative time of arrival of signals from any direction 

Direction-finding techniques used for the location | °F number of directions IS anticipated rather than 
of transient signals (such as sferics) usually employ measured after recording. When finite tolerances 


| . . . . . 
crossed-loop antennas. The accuracy of such | are placed on the relative times of arrival which are 
systems is limited largely by the siting and polariza- anticipated, signals are accepted from a sector whose 
tion errors involved? “A. system. of direction | Width is governed by the tolerances. Whenever a 


finding which has been developed by the National signal is received, a sector identification code is 
Bureau of Standards minimizes these errors, and has | generated which may be used for selectively record- 
certain other features which make it particularly | Ng data with respect to direction. Within practical 
useful in various types of sferics studies. The new | !strumentation limits any number of sectors of 
system has been named “Ephi” (E-#) because the | different widths can be operated simultaneously and 
bearing of the transient signal is determined from | independently of each other. 

the relative phase od) of the vertical electric field 

E) received at spaced antennas. 


In this system, spaced vertical antennas replace ya System Geometry 
the loops and a minimum of three antennas must 
be used to resolve directional ambiguity. The Ina system using three antennas in the configura- 
antennas are closely spaced, preferably in the range | tion of an equilateral triangle, the distance from a 
of '3 to wavelength. The relative time of arrival | signal source to each antenna (fig. 1) is defined by 


or phase of a signal at the antennas depends on the | the following equations: 
geometric configuration of the antennas and the 


direction of the signal source. In general, the d,— R?+r—2rR cos 0 
optimum configuration for three antennas is at the 
vertices of an equilateral triangle. In this case, dp— yhR?+r—2 rR cos (120—8) 
the sides of the triangle define the baselines of three 
mM ep lice with a mutual azimuthal spacing do= P?+P—2 rR cos (12046). 
Since the antenna spacing is a small fraction of 
a wavelength, differences in the immediate environ- The differences in the time of arrival of the signal 
ment of the antennas are minimized. Experimental | at the antennas are proportional to the differences 
results thus far have not revealed any siting or | in the distance to the source. 
environmental errors even when the individual 
antenna sites were purposely chosen with radical (dp dak Tn { 
dissimilarities. The present experimental evidence, 
however, is not adequate to establish positively that de—dp) k= Te_p 


siting errors are eliminated in this system. 


(de d4)k (is { 


‘Contribution from the Centr Radio Propagation Laboratory, National 
+s gy hein rh — el the. ocation of sources of atmospherics by radio W here k - 5.34 usec statute mile, the lnverse velocity 
lirection-finding, Proc. IEE, 101, 383, (1954 of radio wave propagation near the surface of the 
H. G. Hopkins and B. G. Pressey, Current direction-finding practice, Proc t] . 
IEE, 105, 307, (1958 earth, 
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Figure 1. System geometry. 

It is convenient to let the baseline Ry3 equal 
unity. Figure 2 is a polar plot of the time or distance 
differences normalized baseline of unit length, 
with r>R. The exact values of these differences 
obviously depend on the ratio r/R, but when the dis- 
tance to the source is 10 baseline units or more the 
condition r>F is satisfied for most purposes. At a 
distance of 10 baseline units the values shown in the 
figure are in error by approximately 0.5 percent. 





FIGURE 2. 


Vormalized time or distance differences. 


Since the antennas are closely spaced the differences 
in arrival time are small. It is, therefore, necessary 
to resolve these small differences rather precisely in 
order to provide satisfactory azimuthal sensitivity. 
The means by which this resolution is accomplished 
and the technique by which the direction of a signal 
is anticipated are interrelated and can best be ex- 
plained together. 

The significant steps in the process are: 

Identical antennas and band-pass filters are 
used to derive pulses from the transient signals. A 
relatively large bandwidth (order of 60%) re- 
quired to provide short pulse rise and decay times. 


Is 
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The phase of the sinusoidal waveform or pulse 
is used to define the arrival time of the signal. The 
first axis crossing of the waveform is used to define 

i precise point in time which is independent of the 
maalitade of the signal, and a very short trigger is 
generate «lat this point, 

3. A signal from a particular azimuth is recog- 
nized by introducing the delays required to produce 
coincidence. The early triggers are delaved in time 
until they are coincident with the trigger from the 
most distant antenna. These triggers then initiate 
rectangular waveforms as shown in figure 3. The 
time coincidence of the three waveforms is detected 
by circuitry which generates a new trigger. This 
indicates the occurrence of a signal at a particular 
azimuth and is produced as ewe as all three wave- 
forms have full amplitude at any one time. The 
duration of the rectangular waveform, therefore, 
determines the width of the sector in which the signal 
must originate to produce a coincidence trigger. 
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FicureE 3. Sector determination. 


The pulse width is also directly related to the base- 
line length. For example a 1-deg sector requires a 
pulse width of approximately 0.05 ysee with a 
l-mile baseline, but the same sector width can be 
obtained with a 0.25 usec pulse if a 5-mile baseline 
used. The advantages of the longer baseline 
from an instrumentation standpoint are obvious. 

The linear relationship between sector width and 
pulse width holds only for relatively small sector 
widths (less than about 12 deg), but since it is usually 
desirable to employ much narrower the 
nonlinear effects will not be discussed. 

Certain secondary azimuthal and range errors also 
limit bearing accuracy. There is a small cyclic 
change in sector width which varies with the azimuth 
setting, and another source of inaccuracy arises from 
the use of one set of delays for all ranges. In the 
experimental system the delays were computed for a 
5,000 mile range. This introduces a calculable error 


Is 


sectors 


at other ranges but it is significant only in the vicinity 
of the antenna system. The error in bearing may 
amount to several degrees for sources only a baseline 
length away, but when the distance to the source 
is greater than about 10 baseline lengths the error 
becomes so small it may be neglected. With further 
refinement these systematic azimuthal errors could 
be reduced or eliminated by introducing appropriate 
correcting circuits in the equipment. 





3. Instrumentation 


The circuitry which is necessary to accomplish the 
basic functions described in the preceding section 
involves a very high degree of phase matching 


stability. The functional scheme of the system is 
shown in figure 4. The experimental equipment 


installed near Brighton, Colo. (about 20 miles 
northeast of the Denver airport) is shown in figure 5. 

In the choice of antennas, two considerations are of 
major importance. First, the mutual impedance 
among the antennas must be negligible and second, 
the complex impedance of each antenna must be 
made as insensitive as possible to environmental 
changes. The mutual impedance is minimized by 
physical separation of the antennas and by extremely FIGURE 
loose coupling between the antennas and the resonant 
circuits (see fig. 6). 

The antennas which have been used to date are of a 
the type shown in figure 7. The height is 125 ft and Y = 
the measured capacity is approximately 515° uyf,. 3008 





5. Ephi equipment at Brighton station. 
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FIGURE 6. Antenna coupling circuit. 


When an antenna of these proportions is used, the 

presence of a person near the base has very little 

| — | at NCIDEN effect on the antenna characteristics. Some further 

' ee ETECTOF practical advantages of such a large antenna are that 

] ; the magnitude of its impedance makes it more 

| wane feasible to use passive circuit elements prior to the 

first grid thus reducing intermodulation by undesired 

signals. By virtue of the large effective height, very 

loose coupling can be used without degrading tbe 
overall noise figure of the receiving system. 

The principal requirements for the preamplifiers, 
located at the base of each antenna, are large dynamic 
range and high power. The large dynamic range is 
necessary because of the widely varying amplitudes 

i of the transient signals. High power is needed to 
; insure a good signal-to-noise ratio at the receiving 
end of _ transmission lines. While coaxial cable 
is used, it is not perfectly shielded and is, therefore, 
subject a pickup from power lines, and also the 
same transient signals received by the antennas 
Ficure 4. Functional system diagram. induee small voltages in the transmission § lines. 
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These voltages are similar to those from the antennas 
but are not in the same phase. As a result it is 
especially important that the undesired pickup be 
made negligible compared to the desired signals from 
the antennas. 

The transmission lines leading from the pream- 
plifiers to the centrally loc ated equipment are 
adjusted so that transmission times are equal. 
These lines feed identical axis-crossing detectors and 
pulse generators. The basic functions of these cir- 
cults were described in the preceding section, but 
are shown in greater detail in figure 8. The first axis 
crossing of detectable amplitude defines the arrival 
time of the signal. The band-pass filtering which is 
done in part at the preamplifier and completed at the 
input to the axis-c rossing detector produces a 
sinusoidal waveform of the nature shown in figure 8. 
Over a wide range of input levels the first axis crossing 
occurs within the linear range of the amplifiers. 
Saturation at the later axis crossings does not affect 
the amplifiers since these crossings are rejected by the 
coarse coincidence circuit. 

The different steps in the coincidence detection 
process are shown in figure 9. The coarse coinci- 
dence detector selects the first complete set of axis- 
crossing triggers. In general, the first set will be 
complete, but regardless of how perfectly the three 
separate circuits are matched, a number of critical 
input levels exist which determine which axis 
crossing will produce the first trigger. At such 
critical levels all the axis-crossing detectors nav not 
produce the first trigger at the same crossing as 
illustrated by the dotted trigger in figure 9b. 

The duration of the coarse coincidence pulse is 
made somewhat greater than the maximum time 
difference. The coarse coincidence detection — is, 
therefore, not a function of azimuth. 

As indicated in figure 9d, when all four coincidence 
pulses are added, the combined amplitudes exceed a 
threshold. When this occurs a new trigger is 
generated which is used to signify the occurrence of 
a signal in that sector. To increase the reliability 
of the coincidence detector the pulses are added in 
a nonlinear mannet The cireuit elements used to 
provide the nonlinear addition are shown in figure 10. 

The cathode followers are biased so that maximum 
rated current is drawn in the absence of an input 
signal. In the urrangem cnt shown, the cathode 
coupling resistors are relativ ely large but the cathode 
imped: ince of the tubes is maintained at a minimum. 
The negative going input oan s have large ainplitude 
and drive the grids well beyond cutoff. When the 
tubes are cut off the output impedance rises to the 

value of the cathode coupling resistors 

The change in impedance of each seals is of the 
order of 10:1. Consequently, the output voltage 
which is supplied to the threshold detector is rela- 
tively small unless all four input pulses are in coin- 
cidence. 

The triggers which mark the axis crossings are 
fed into three identical sets of tapped delay lines. 
These delay lines are shown functionally in figure 4 
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FicturE 9. Coincidence detection. 
while the actual lines used in the experimental 
equipment may be seen in the left hand cabinet in 


figure 5. The location of the taps is determined by 
the increment of azimuth desired between adjacent 
sectors and the time difference functions shown in 
figure 2. The desired combination of taps is selected 
by three switches mounted on a common shaft. An 
example of the delay values required for 6 deg 
increments azimuthal switching shown in 
figure 11. 
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FiGgurE 11. Example of delay values required 








The manner in which the delay lines are tapped is 
rather unique and is quite important from a stand- 
point of making the instrumentation practical. The 
delay line used is of the distributed constant, Figure 12. Pickup coils on delay lin 
magnetic core type, which is commercially available 
in a wide range of delay and bandwidth character- 
istics. For this application, a particular virtue of | done at other intervals, with the proper number and 
the delay line is that it is not perfectly shielded. placement of the pickup coils. 

Consequently, when pulses at high amplitude are The pulses or triggers from any desired combina- 
fed into the line they can be detected at any desired | tion of pickup coils are amplified and used to trigger 
delay by a coil placed around the outside of the | three identical, monostable multivibrators. These 
delay line. There is an attenuation of the order of | multivibrators produce the rectangular waveforms 
40 db between the delay line input and the pickup | discussed earlier in connection with figure 3. In the 
coil, but this loss is easily recovered by appropriate | discussion of system geometry it W as assumed that 
amplification. these waveforms were perfectly rectangular. In 

The outstanding advantages of this method of practical circuitry the rise and fall times are finite 
tapping the delay line are that the taps can be located but sufficiently short to warrant the assumption. 
precisely at the desired delay point simply by moving | In the experimental equipment these times are 
them along the line, and (within practical limits) as | approximately 0.1 usec and the duration of the wave- 
many pickup coils as desired may be used on the | forms is adjustable from approximately 0.2 to 7.0 
same delay line because of the very loose effective | usec. With a 4-mile baseline (such as is used at 
coupling between the coils and line. Figure 12 is a | Brighton) this is equivalent to a 1 to 40 deg range 
photograph of the delay line and pickup coils for one | in the choice of sector widths. : 
antenna in the experimental equipment. It is evident that all the circuitry in the three 

The location of the delay lines relative to the separate channels from each antenna to the input of 
control panel at the Brighton Ephi station is shown | the coincidence detector is critical with respect to 
in figure 5. The azimuth control switches for three | phase and time delays. While corresponding circuits 
sectors are located in the rack next to the delay lines. | are made as nearly identical as possible, each channel 


> 


Each is a 3-section switch which controls the delay | is provided with a separate phasing adjustment so 











increments for all 3 antennas. Any number of | the overall transmission times can be made identical. 
additional sectors could be operated without addi- | These phasing adjustments are made as follows: 
tional delay lines or pickup coils, but each would A pulse signal generator, at the centrally located 


require a separate amplifier, pulse shaper, coincidence | equipment is permanently connected to each pre- 
detector, and another 3-section switch. The Brighton amplifier (see fig. 6) through coaxial cables of identi- 
Ephi equipment provides for switching at 6-deg | cal electrical length. The signal generator pulses, 
intervals of azimuth, however switching could be | therefore, arrive at each antenna simultaneously. 
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This condition is equivalent to the occurrence of | 
signals on the perpendicular bisectors of the three | 
baselines defined by the antennas. Therefore, six | 
headings at a mutual spacing of 60 deg are defined | 
at which the different pairs of pulses at the input to 

the coincidence detector must be coincident. The 

phasing adjustments are used to achieve this 

condition. 

At the same time the phasing adjustments are | 
made the sensitivity of the three channels is also 
equalized. In sferic studies it is frequently desirable 
to measure simultaneously rates of occurrence rela- 
tive to several threshold sensitivities. In order to 
do this the sensitivity of the sector channels is set 
equal to or slightly greater than the maximum 
sensitir ity needed while the various threshold values 
are established separately. 


4. Discussion 


The Ephi system of direction finding is capable of 
appreciably greater accuracy than systems using 
crossed-loop antennas. Correlation of data obtained 
at the Brighton station with visual and radar 
weather observations has shown a high degree of 
bearing accuracy, but until a second Ephi station is 
completed, or a suitable artificial sferics generator 
becomes available, 1t will be difficult to make a pre- 
cise determination of bearing errors. Present indi- 
cations are that these errors will amount to less than 
1 degree except for signal sources at very short dis- 
tances from the Ephi station. 
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In addition to applications of a strictly direction- 
finding nature (such as the location of thunderstorm 
areas, hurricanes, etc.) the Ephi system provides a 
versatile tool for more general investigations of 
sferics. The triggers produced in the equipment 
when a sferic arrives from an accurately defined 
sector facilitate the use of oscilloscopes, counters, 
and other circuitry for studies such as the following: 

1. Observation and photography of sferic wave- 
forms. 

2. Directional noise studies, or sferic rates as a 
function of azimuth. 

3. Special analyses of the amplitude and phase 
of sferics. 

4. Correlation of sferics with particular types of 
meteorological phenomena. 

5. Propagation studies using transient signals. 


When several sectors are used additional identifying 
or coding information can be obtained which further 
extends the variety of analyses possible. 


The authors acknowledge the contributions of 
R. H. Doherty and E. L. Berger in the equipment 
development and the assistance of C. A. Samson in 
the preparation of this paper. 
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Fast Counting of Alpha Particles in Air Ionization 
Chambers* 


Z. Bay, F. D. McLernon, and P. A. Newman 


(October 24 1960) 


It was assumed in the past that counting of alpha particles in air-ionization chambers 


could only be 


order of a millisecond. 


based on the collection of ions since electrons produced in the alpha track 
quickly form negative ions in electronegative gases. 


This leads to time resolutions of the 


It is shown in the present work that the motion of the electrons before 


attachment produces a sharp initial rise in the pulse profile which, although small, can be 
detected and utilized for high speed counting 


with good signal-to-noise ratios 


counting speeds similar to those in non-elect 


seconds 


1. Introduction 


In ionization chambers containing electronegative 
gases the electrons produced by high energy particles 
are quickly captured forming negative ions. Since 
a counting operation consists of detecting voltage 
pulses caused by the motion of charges between 
opposite electrodes, it was generally assumed [1, 2] ' 
in the past that the speed of such operations was 
limited by the drift velocities of about 10 
em/see at atmospheric pressure and 1 kv/em field 
strength Thus the total charge collection time for 
ions is of the order of a millisecond in chambers 
of usual design. The resolving time of a counting 
arrangement (chamber and electronic equipment) can 
be made less than a millisecond by the use of differen- 
tiation and pulse shaping techniques [1]. Using these 
in preliminary experiments we have 
realized resolving times of about 0.1 millisecond for 
the counting of the alpha particles from Po”. This 
limited speed of counting is especially disadvanta- 
geous for ionization work in air, which is electro- 
negative due to its high concentration of oxygen. 
Since several of the ionization constants are defined 
or related to those in air, air is a very important 
in ionization work. Besides, air the 
convenient filling for an ionization chamber 
counter Therefore, it seems desirable to achieve 
higher counting speeds in air. 

It is well known that much higher counting speeds 


ions, 


techniques 


PAs is most 


gas 


(shorter resolving times) for alpha particles ean be 


achieved in ion chambers containing non-electro- 
negative TASES, In these the counting operation is 
Since the drift 


conditions 


based on the collection of electrons. 
similar is 
three orders of magnitude higher than that of ions, 


velocity of electrons under 


the dead time of such counters Can be made as small 


as a few microseconds 


published in reference 11 


*A preliminary report on this work was 
Figures in brackets licate the literature references at the end of this paper 


are realized in atmospheric air, and 


Time resolutions of the order of a few micro- 
therefore 


ronegative gases are obtained. 
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It appears that the possibility of increasing ap- 
preciably the speed of alpha counting in air ion 
chambers has been overlooked in previous work. 
Before attachment the electrons move with a high- 
drift velocity and thus produce a sharp rise in the 
pulse profile. Although small, this sharp rise can 
be detected. Basing the operation on this sharp 
pulse, one obtains time resolutions as small as a few 
microseconds, even in an ion chamber at atmospheric 
pressure. Thus counting speeds comparable to 
those in ion chambers with non-electronegative gases 
are achieved. 


2. Estimated Electronic Pulse 


In a parallel plate ionization chamber, the pulse, 
P. t), due to the motion of electrons (neglecting the 
ionic motion) is given by [2] 


. _& vt 
P(O=G (1) 
where ¢# is the time, d the plate separation, C the 
chamber capacity, v the eleetron drift velocity and 
. the total electronic charge. 

According to data available [3, 4], it is a reasonable 
estimate that in air at atmospheric pressure and for 
field strengths of 1 kv/em, electrons travel, on the 
distance of the millimeter 


| . 7 
orael ol 


uverage, a a 
before being attached. Thus with 7t=0.1 em, d=5 
em, C=10 pf and Q,=2.4 107" coulombs for about 


5 Mev alpha particles, P,~50 pv. 
This estimate of rf, and thus P, 

inaccuracies in the electron attachment co- 
efficient [5], A, (probability of attachment per 
collision) measured at reduced pressures and extrap- 
olated to atmospheric pressure. Bradbury [6] has 
shown that A in O, and air is pressure dependent and 
recently Hurst and Bortner [7] have shown that a 
(the probability of attachment per cm per mm Hg 
pressure) in N,—O, mixtures depends on the partial 
pressures of both gases. 


, iS uncertain due 
to 








Due to the short path and high drift velocity, the 
electronic pulse rises to the height estimated above 
in approximately 0.1 wsec. This pulse can be taken 
as a step function for an amplifier with 400 ke/s 
bandwidth which gives an output pulse rise time of 
less than 1 ywsec. It is known [1], 8, 9] that such 
amplifiers can be made to operate with input noise 
levels of a few microvolts. Therefore the above 
estimate indicates the possibility of using the elec- 
tronic component of the alpha pulse for fast counting 
in air and observations verified this expectation. 


3. Experimental Details 


The construction of the ionization chamber and 
the block diagram of the electronic equipment is 
shown in figure 1. The grounded preamplifier 
chassis, d, supports the ionization chamber, pro- 
viding for a short connection between the chamber 
electrode and the first grid. The high voltage plate, 
a, is a flat circular disk of 100 mm diameter. It is 
entirely supported by the high voltage cable jack, e, 
mounted on the grounded cylindrical housing, c. 
The Po? alpha source, h, deposited on Palladium 
coated 25mm diameter silver disks (as used in the 
radioactivity standardization program at the Na- 
tional Bureau of Standards), is placed on the pulse 
electrode, p. Changing of sources can be quickly 
done by lifting the housing, c, without removing 
the chamber voltage. After replacing c, counting 
can be immediately resumed. The pulse electrode, 
p, is mounted in the center of the lucite plate, g, 
which also holds the guard ring, f. The guard ring 
is kept at de ground potential through a 10° ohm 
resistor and serves to reduce the effective capacity 


high frequency capacity of p, was 6 pf in this arrange- 
ment as compared with 12 pf in previous experiments 
without the guard ring. 

In order obtain rather high electric field 
strengths (~4 kv/em) at relatively low chamber 
voltage (5-6 kv) the electrode separation (distance 
between a and h) was chosen about 1.5 em. It 
true that with this condition the alpha particles 
spend only a portion of their total energy (5.3 Mev, 
corresponding to a full range of 3.8 em in atmospheric 
air) in the chamber gas producing ionization de- 
pendent upon but this 
permissible in counting experiments as dealt with in 
the present paper. In other experiments [10] where 
the counting of alpha particles was connected with 
a simultaneous measurement of the total ionization 
for Po?’ alpha particles (and for which experiments 


to 


Is 


is 


the angle of emission: 


the counting technique described here has been 
developed) the electrode separation was chosen 
longer than the full range and correspondingly 


higher chamber voltages (up to 20 kv) have been 
applied. Experiments showed that the small elec- 
trode separation as applied here still gives adequate 
signal-to-noise ratios even for the smallest alpha 
energy expended in the gas. 

The chamber voltage (either positive or negative 
at plate A) is introduced through a smoothing RC 
“T”’ filter to diminish the ripple present in the out- 
put of the high voltage supply and to reduce pickup 
disturbances. 

In the course of development two preamplifiers 
have been successfully used. One is a simple RC 
coupled two stage amplifier using 6AK5 pentodes. 
The input pentode was selected for low grid current 
and battery operated with low plate and screen 
voltages of about 20 vy. The rise time of this pre- 


































































































of the pulse electrode to ground. The measured | amplifier was 0.5 usec for a step function input. 
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FIGURE 1. Counting chamber and block diagram of the equipment 
Wik and amplifiers are used so that the pulse shaping is exclusively done by the filters F; and F2 
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For lower noise level a cascode input tvpe pre- 
amplifier [8] similar to that described by C. Cottini 


et al. [9], was used with the pulse electrode connected 
to the floating input grid. While changing the 


chamber voltage this grid is shunted by a 100 uf 
condenser to prevent excessive charging of. the 
floating erid 

The output pulse shape was controlled by the 
use of two filters, F; and F, in figure 1. Each filter 
contained a high and low RC network with 
equal time constants. The amplifiers were designed 
to have bandwidths in excess of a megacyele. Since 
this is much greater than the bandpass of the filters, 
the amplifiers have negligible effect on the output 


pass 


pulse shape. In each filter one of three different 
time constants, of 1, 2, and 4 usee, could be selected 
by switches 

When both filters have been inserted in the 


amplifier chain and the time constant of 1 usec Was 
used, the rms noise as related to the input was ~6 
uv for the pentode-preamplifier, and ~3 uv for the 
cascode type preamplifier. 


4. Results and Discussion 


For networks of time constants of the order of a 
microsecond, the pulse profile after the appearance 
of an alpha track in the chamber can be considered 
to be composed of a step pulse caused by electrons 
before attachment, followed by a long rise (linear in 
the first approximation) due to ionic motion. The 
presence of both components in the alpha pulse 


profile is clearly shown by figures 2a, b, and ¢, photo- 
graphs of the output pulses on an oscilloscope when 
only one filter, KF with RC 1, 2, and 4 usee re- 
spectively, and the cascode preamplifier is used. 
The fast rising and decaying part of the output 
pulses is due to the short electronic motion while 
the approximately constant tail is caused by the 
long uniform motion of the ions. For comparison 
output pulses were photographed in figures 2d, e, 
and f with the same settings of the equipment but 
introducing pulser step pulses which, instead of 
having been followed by a slow linear rise like the 
alpha pulses, decayed in 350 psec. The negative 
slope of this decaying part of the pulser pulses is 
negligibly small as compared to the positive slope 
of the alpha pulses resulting from the motion of 
the full ionie charge through the entire chamber 
separation. It is seen from figures 2d, e, and f that 
while these output pulses successfully simulate the 
electronic components of the alpha pulses, the con- 
stant tails are missing. 

The triggering level is chosen such that the scope 
is triggered with about equal frequency (~60/sec) 
on the alpha pulses and on noise. The noise 
observed when using the pulser (figures 2d, e, and f) 
is smaller than that obtained for alpha pulse opera- 
tion (figures 2a, b, and c). This is readily explained 
by the low output impedance of the pulser (100 
ohm) coupled to the preamplifier grid as compared 
to the high impedance when the grid is floating. 
The time scale is 5 usec per division and the amplifier 
gain is the same (~10°) in all pictures of figure 2 
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5usec—| 


FiGgurRE 2. Oscilloscope photographs of the output pulses using one filler Fy 
Pictures a, b, and ¢ are of alpha pulses with filter time constants of 1, 2 and 4 usec respectively. The first short pulse is caused by the fast motion of electrons 
before attachment, the long tail (the height of which increases with increasing filter time constant) is the contribution of the slow ionic motion. For calibration 
pictures d, e and f, corresponding to a, b and c¢, are taken with 87 wvolt step pulses from a pulser. The overall amplifier gain is the same (~10°) in all pictures and 


he time scale is usec/division 
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The output voltage, V, (é), after the filter F\, is 
t t t 
Vii)=a RC ‘ RC4+ ao} RC—(RC+ Aye RE (2) 


where a is the amplitude of the step input appearing 
at #=0, and @ is the constant slope of the linear rise 
beginning at ¢=0. While the first term reaches 
(at =RC) a maximum of ae~', which is thus inde- 
pendent of RC, the second term approaches the 
value a RC (proportional to the ionic charge col- 
lected within one RC) and depends on RC. This 
proportionality of the amplitude of the tail with 
increasing RC is clearly shown in figures 2a, b, and c. 
The amplitude of the electronic component appears 
to be independent of RC, thus proving that the 
duration of the free electronic motion, before attach- 
ment is shorter than the smallest applied RC=1 
usec. After subt racting the ionic contribution of the 
output pulse and using the calibration step pulses 
of the pulser in figures 2d,e, and f (each taken with 
87 uv amplitude), the electronic input pulse from the 
alpha tracks was calculated to be ~80 uv. This 
value agrees with the estimate given above. It 
should recalled that the estimate was rather 
uncertain due to the lack of precise knowledge of 
the attachment coefficient in atmospheric air. Also, 
the field in the chamber is not uniform and the alpha 
energy spent in the chamber is dependent on the 
angle of emission. 

It is interesting to note that by the use of a proper 
chamber geometry, uniform field and uniform alpha 
energy, the techniques presented here could be used 
for an experimental determination of the electron 


be 


attachment coefficient at pressures higher than 
usually permitted in other methods of measurement. 

For alpha particle counting with the shortest 
resolving times the introduction of another filter F, 
appears useful. The output voltage after F, 


is 


V.(t)=al/2 


There are two advantages of the use of V, (f) as 
compared to Vi (ft). 

The second term in V,(¢ 

9 

tude (a maximum of 5 


is diminished in ampli- 


a RCO ~0.23 a RC appears 


at #=3 RC) and cut short in time as compared with 
the long tail in V, (¢ 

The great advantage for a counting experiment is 
provided by the first term in Vy (f) which 
through zero at t=3RC, giving thereby an output 
pulse duration (approximate resolving time of 
counting at low discrimination levels) independent 
of the spread in amplitude a of the alpha pulses. 
These pulses have a maximum of 


Pusses 


.-—— nis YT O.13¢ 
at t=(8—y3)RC~1.27 RC, a minimum (under- 
shoot of ~40 percent of the maximum at f¢ 
(3+43)RC~4.7 RC 


Figures 3 a,b, and ¢ demonstrate these expected 
pulse shapes for the alpha pulses taken with the use 





d = f 
5usec —e 
Fiat RE 3. Osc illoscope photographs of the o itiput p il se } vo f s F, and I 9 
Pictures ! I pha pulses with filter time constants of 1, 2, and 4 pse pe F< | ure f esponding to a, b, and 
¢c, are taken with 100 tep pulses from a pulser Comparison with figure 2 shows that the use of t f r | 1 \ rinates the contribution of 
Ci ow ionic ot pha pulses and results in short pulse periods (resolving times ndependent f the mplituce The overall gain is the same 
~] I pictures the time scale is 5 wsec/divisior 


54 


of the two filters F; and F, with time constants 1, 2, 
and 4 usec respectively. Figures 3 d, e, and f are 
taken with calibration step pulses of 100 vv ampli- 
tude from the pulser. The amplifier gain is the 
same (~10°) in all pictures of figure 3. 

At RC =1 usee (figs. 3. a and d) the alpha pulse and 
the calibration pulse are similar and both of ~3 
usee duration since the contribution of the slow ion 
pulse is small at this time constant. As the time 
constant increases (figs. 3 b and ¢), the contribution 
of the ion pulse becomes larger. This results in a 
compensation in part of the undershoot of the elec- 
tronic pulse and also in a delay of the zero crossing 
(the pulse duration is larger than 3 RC). The time 
scale is 5 wsee per division. Due to the nonuni- 
formity of the chamber geometry for the different 
alpha tracks at different angles within a 2 7 solid 
angle, the alpha amplitudes display a spread of 
~30 percent. This is not disturbing in counting 
experiments. As seen in figure 3, there is a definite 
and sufficient gap between the noise and the smallest 
alpha amplitudes even with the dead time of ~3 
éMsec, 


Comparison of our counting results with those of 


the Radioactivity Section of the National Bureau of 


Standards (using a methane flow 2 m—proportional 


counter) showed agreement to better than 0.1 per- 
cent indicating that our counting efficiency is very 
nearly 100 percent. 
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X-Ray Diffraction Measurement of Intragranular 
Misorientation in Alpha Brass Subjected to 
Reversed Plastic Strain 
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A monochromatic misorientation goniometer was built and used to examine the char- 
acter of X-ray diffraction spots from 70 percent copper, 30 percent zine alpha (cartridge) 


brass specimens subjected to unidirectional and reversed plastic deformation. <A 
exposure, moving and stationary film technique was employed. 


two- 
Numerical measurements 


of the average subgranular misorientation, amounting to several hundredths of a degree, 
were obtained at different stages in one complete cycle of 1 percent plastic strain amplitude. 
About 60 percent of the misorientation was recovered when the plastic strain was reversed, 
leaving a residual misorientation at zero net strain that increased linearly with the cumulative 


strain. 


1. Introduction 


Since an X-ray diffraction technique can provide 
information relating to the structure of metals on 
the atomic lattice scale, there is a continuing search 
for applications of this kind of tool in the study of 
structure-sensitive properties. The usefulness of the 
techniques has often been lost because of the diffi- 
culty of separating the numerous factors that can 
affect the diffraction of X-rays from crystals. The 
purpose of the investigation described in this paper 
was to devise a relatively simple method for meas- 
uring a single one of these factors—misorientation— 
and observe how it varied during reversed plastic 
deformation of a ductile polyerystalline metal. By 
misorientation in a grain, or disorientation as it is 
sometimes called, is meant the angle through which 
the atomic lattice planes are elastically or plastically 
bent or fragmented. 

The distortion in Laue patterns of X-ray diffrae- 
tion spots, commonly called ‘‘asterism,” from single 
crystals subjected to shear strain has long been ob- 
served [] Such spot blurring is a qualitative 
indication of lattice distortion. In 1925, J. Czo- 
chralski [2] reported that the asterism ina Laue pattern 
of a twisted aluminum crystal was decreased when 
the specimen was twisted backwards. Similar 
qualitative experiments were made in the present 
study. Both transmission and back-reflection Laue 
patterns were made from a single grain in a very 
large-grained aluminum specimen that was subject 
to forward and reversed bending. The set of trans- 
mission Laue patterns may be seen in figure 1. 
The greatest recovery of sharpness of the spots came 
not at the recovered zero bending position but at 
the negative bending position past zero; this in- 

Figures in bracket icate the 


literature 


references at the end ofthis paper. 
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teresting behavior remains to be explained. In 
recent years a more sophisticated Laue pattern 
technique, the focused spot method, has been em- 
ployed by C. A. Julien and B. D. Cullity [3] to show 
the partial recovery of Laue spots after reversed 
twist or bending in aluminum crystals. 

For studies of polycrystalline metals, much work 
has been done with the phenomenon of the broaden- 
ing of characteristic X-radiation diffraction rings or 
lines in Debye-Scherrer patterns [4]. If the material 
is not so fine-grained as to give continuous lines in 
the pattern, a large number of discrete spots may be 
observed in the line position. Each spot is a diffrac- 
tion from a known set of atomic lattice planes in an 
individual crystallite, and the blurring of such spots 
in cold-worked polyerystalline metals may yield in- 
formation of interest. A study reported in 1940 by 
W. A. Wood and P. L. Thorpe [5] on the behavior 
of the crystalline structure of brass under slow and 
rapid c\ clic stresses showed no recovery of tangential 
spot blurring on the Debye-Scherrer diffraction 
rings upon reversal of the static strains of the speci- 


mens. In 1953, however, W. A. Wood and R. B. 
Davies [6] showed that if the strains were small 
enough, about 1 percent in copper, there was a 


partial recovery in the spot blurring when the strain 
was reversed. In the present study, similar behavior 
was observed in the diffraction patterns from alumi- 
num, copper, and steel rods subjected to torsional 
straining. The set of patterns from the copper rods 
at various stages in one cycle of strain may be seen 
in figure 2. 

In 1951, A. J. Reiss, J. J. Slade, and S. Weiss- 
mann [7] described a method for studying the breadth 
of the reflecting range of individual crystallites in a 
polyerystalline specimen. Using a specimen with 
grains coarse enough that a spotty Debye Scherrer 
pattern was obtained, they recorded the stationary 








Figure 1. 


A. Annealed (zero position); B. positive bending; C 


pattern several times on the same film; between ex- 
posures small discrete changes were made in the 
angular setting both of the specimen and of the film. 
Since that paper was published, 5. Weissmann and 
his coworkers have continued to refine the rather 
complex instrumentation and technique to contribute 
many studies based upon it [8], which were not 
concerned directly, however, with the effects of 
reversed plastic strain. 

C.S. Barrett [9] has described a scheme for rotating 
a film and off-center specimen together, ‘permitting 
the spread of a Laue spot in all directions without 
altering the wavelength of the reflected beam.”’ In 
1954, E. Kappler and R. Mock [10] described a 
somewhat similar method for obtaining the range of 
reflection from a single crystal. Two diffraction 
patterns were called for in their procedures. First, 
the single crystal specimen was rotated and the 
diffraction pattern was recorded on a stationary film; 
and second, the diffraction pattern was recorded on a 


. zero position; D. negative bending; E 
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Sel of transmission Laue patterns of large aluminum grain in specimen bent through \\4 cycles of plastic deformation. 


zero position; F. positive bending 


moving film, which rotates about the same axis as 
the crystal but at twice its angular velocity. The 
first pattern vielded data relevant to the range of 
lattice constant variation in the cry stal; the second 
pattern related to the range of orientation. 

In recent years there have been several studies 
related to the problem of fatigue of metals, in which 
essentially ordinary Debye-Scherrer X-ray patterns 
have been made of materials subjected to cyclic 
stresses. In 1957, a study was made by L. M. Clare- 
brough, M. E. Hargraves, G. W. West, and A. K. 
Head [11] on polverystalline copper that had been 
reduced 25 percent by roiling and then fatigued to 
fracture. High-angle diffraction patterns were made 
during the course of fatigue. At first the patterns 
showed very diffuse lines; but, as the fatiguing proc- 
ess continued, the lines grew sharper until the a,-a» 
doublet was clearly resolved. This phenomenon, 
sometimes called “work softening,” has been reported 
by many workers, including T. Brown and R. K. 
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| IGURE 2 Hi h-anale eo ay diffraction patterns from cop pe 
od at stages in one cycle of torsion. 
A.An ) B. twisted clockwise 45°; C. twisted counter-clock wise 
0 nD \ ounte lockwise to 15 E. twisted clockwise to 





Ham [12], W. A. Wood and R. L. Segall [13], and 
M. L. Ebner and W. A. Backofen [14]. These studies 
are among those that emphasize the need for quanti- 
tative study of individual X-ray diffraction spots as 
affected by reversed plastic deformation. 

Although the instrument and related procedure 
developed by Weissmann [S] and colleagues give the 
most complete information in this type of investiga- 
tion, it was thought that a less complex method 
would suffice for the quantitative determination of 
misorientation. The interesting effects of reversed 
deformation not appear have been studied 
adequately in a quantitative manner, so the emphasis 
in this investigation was on measurements of mis- 
orientation at different stages of plastic straining, 
both forward and reversed. 


do to 


2. Quantitative Measurement of 
Misorientation 


In order to obiain a measure of the angle of mis- 
orientation, thai is, the range of orientation in the 


distorted crystallite over which diffraction may 
occur, a special instrument, based upon the ideas 
of a double-crystal spectrometer, as may be seen in 
the diagram in figure 3, was designed and _ built. 
Although the procedure developed was for the meas- 


urement of the intragranular misorientation in 
coarse-grained polycrystalline specimens, it could 


be modified for work with single crystals. Shown in 
the photograph, figure 4, the instrument, which might 
be called a monochromatic X-ray misorientation 
goniometer, was built around three essential parts: 
(1) A manually adjustable mount for a stationary 
first crystal, M, ordinarily a strongly diffracting, 
monochromating single crystal; (2) a motor-driven 
oscillating mount for a second crystal, ordinarily 
the polycrystalline specimen, S, under study; and (3) 
a film holder circle with its center coincident with the 
axis of oscillation of the second crystal. The holder, 
F, might remain stationary or might oscillate syn- 
chronously with the specimen at the same angular 
velocity. Interchangeable film holders were pro- 
vided, one for a semicylindrical strip film, the other 
for a small flat film. Most of the work was per- 
formed with the latter, using dental film because of 
iis single-layer emulsion and resolving power higher 
than that of the usual X-ray film. 









COPPER TARGET 
PLANE LIF CRYSTAL 
ry 
Oa. 20° 32 
+11/2° OSCILLATION 
MONOCHROMATED BEAM 
POLYCRYSTALLINE 
“~ @-BRASS SPECIMEN 
DIFFRACTED BEAM 
A» Q= 21° 
4 
4 
K / 
4 
+11/2° FILM CASSETTE 
Figure 3. Schematic diagram of the monochromatic mis- 


orientation goniometer. 
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FIGURE 4 


Photograph of the monochromatic misorientation 
gon iometer. 


M. Monochromating crystal; 8. mounted brass specimen; F, flat-film holder; 
C. collimator; D. driving cam 


In this discussion, the term “broadening” of a 
diffraction spot means an increase of radial distance 
on the film over which blackening occurs; that is, it is 
an apparent increase in the range of Bragg angle 
over which diffraction takes place. Many factors 
contribute to the breadth of a spot in an X-ray 
diffraction pattern. Among the most important of 
these are (1) size of the diffracting crystallite, (2) 
lack of fine collimation, (3) lack of monochromatiza- 
tion, (4) randomly directed elastic strains of the 
lattice, and (5) micromisorientation. The first four 
factors, and possibly other instrumental factors, may 
all contribute in varying degrees to the broadening 
of spots whether the film is stationary or oscillating 
with the specimen. Only, however, in the latter 
case, that is, when the film is moving, does the fifth 
factor, misorientation, become important. By sub- 
tracting one-half the average breadth of many spots 
measured on a stationary film pattern from the 
average measured on a moving film pattern from the 
same specimen, a figure is obtained that represents 
the misorientation broadening. The average breadth 
on the stationary film must be divided by two because 
a linear distance on it corresponds to twice the angle 
of diffraction as compared to the same distance on 
the moving film. 

In principle, the goniometer could also be used to 
determine the average microstrain, or range of atomic 
layer spacing, by comparing the siationary film spot 
breadths on the pattern from an annealed specimen 
with the pattern from the plastically deformed condi- 
tion under study. It was observed, however, that 
this strain broadening was very small and probably 
within the limits of uncertainty in the measurements. 
It was not pursued in the present study. 

Since the measurement of misorientation de- 
pended on the difference in broadening between 
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stationary and moving film patterns, it was im- 
portant to minimize the broadening due to the first 
four factors listed above; this consideration in- 
fluenced many of the experimental details, including 
the choice of sample material. The metal used for 
the quantitative investigation was annealed alpha 
brass (70% Cu-30% Zn) with an average grain di- 
ameter of 0.035 mm. ‘This grain size was sufficiently 
large so that it did not cause “small particle’? broad- 
ening, but small enough so that the quantity it 
added to the “reflection breadth” (about 0.007 mm) 
was much less than the probable error of measure- 
ment of spot broadening. X-ray examination of the 
material indicated no preferred orientation. 

The broadening due to lack of collimation and lack 
of monochromatization was minimized by using 
copper radiation and a lithium fluoride mono- 
chromating crystal. The Bragg angle for the strong 
(200) diffraction from this crystal is about 2214°, 
while the diffraction angle for the (111) ring from 
alpha brass is about 21 Since these were the 
diffractions used in this study, the diffracting planes 
in the monochromator and specimen could be set 
nearly parallel to each other. This setting mini- 
mized dispersion [15] in the X-ray beam. The 
specimen was continuously oscillated about this 
position by a motor-driven, 3° cam mechanism. 
For comparable amounts of film density, exposure 
times for stationary film patterns were 6 hr and for 
moving film patterns, 10 hr, except for some few 
special cases of very diffuse patterns. Development 
of the films was carried out under as nearly constant 
conditions as practical. A typical pair of films, 
stationary and moving, is shown in figure 5. 
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FiGuRE 5. A pair of patterns made with the monochromatic 


misorientation goniometer with Cu Ke radiation showing the 
111 and AOD diff actions trom brass, vhic h had bee nm ere 
tended 1 percent, 
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The brass was received in 1 by 
which specimens 7!5 in. long, with a gage length of 
1.250 in. and a reduced cross section measuring 
0.625 by 0.373 in., were machined. These dimen- 
sions were chosen so that a single specimen could 
be both plastically extended and compressed, could 
carry wire strain gages nearly an inch 
long, and could provide sufficient test volume to 
allow the preparation for X-ray studies of three 
sections, with surface normals making angles of 
0, 45, and 90°, respectively, with the axis of the 
applied load It was desired to make observations 
on different sections in order to ascertain any direc- 
tional effects in the misorientation that might occur 
due to the angle of the surface with respect to the 
axis of plastic deformation or due to the sign of the 
deformation. 


in. bars, from 


resistance 


The plastic extension was performed using Templin 
grips; the plastic compression was made _ possible 
by the careful machining of the ends of the specimens 
and by the use of massive steel guides around the 
specimen undergoing compression. The routine of 
the mechanical testing and strain measurements, 
along with a discussion of the difficulties that some- 
times arise because of false negative permanent 
strains observed at small values of permanent set 
with resistance wire strain gages, has been previously 
reported [16]. 

The specimens from which the X-ray diffraction 
patterns were made were cut from the uniformly 
deformed gage length of the test specimens, with 
the normals to the surfaces to be polished each 
making a known angle, 0, 45, or 90°, with the axis 
of the applied load. The sections were mounted 
without heat in acrylic cement and carefully electro- 
polished until, as verified by back-reflection X-ray 
diffraction patterns, all 
removed. 


surface disturbance was 


On each diffraction film, 25 spots were measured. 
These 


were selected at random except that none 
was more than 12° from the equatorial region so 
that any azimuthal correction could be neglected 
and none was so near the edge of the diffraction 


Their breadths 
were measured parallel to the equatorial plane of 
diffraction on each pattern with a traveling micro- 
scope of about four-power magnification, reading 
directly to the nearest 0.01 mm. This type of 
diffuse Ieasurement requires considerable 
practice, and allowance must be made for subjective 
factors, such as judgment of the edge of a spot, 
when data taken by different observers are to be 
compared. 


band as to be obviously incomplete. 


spot 


Krom the difference between the average of spot 
breadths on the moving film and one-half the average 
on the stationary film, one obtained the contribution 
to the broadening from the misorientation present 
within grains in the polished surfaces of X-ray 
specimens sectioned at the three angles 
specified above from the deformed test specimens. 
This misorientation is given in the data table. It 
is difficult to meaningful value for the 
reliability of these data: they were arrived at from 


each of 


state a 
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Results of intragran ular misorientation measurements 


Average misorientatic 
State of plastic deformation 
15 Cro Longitu Condi 
Section section ainal tion 
iverage 
Annealed init madition 6 
Net Cumu 
Cycle position strain lative 
Strain 
Positive cycle / dea le de d 
4 (fk +1 l 33 27 23 28 
lg (E-C 0 2 14 12 I 12 
%4 (E-C- 1 $ ‘ S 2 14 
1 (E-C-C-} 0 4 2 1s l 1s 
Neqa / 
4 (( 1 32 18 oN 9 
C-I 0 2 1s ) l i 
I iin, unidire nal, 2.2 p 
en 150 
Probable error in average about +0.02°, except for case of 2.2 per 
where it is about +0.50°. 
Extended 1 percent 
C—Compressed | percent 
readings ol two observers and involve several 


averaging procedures. A reasonable value for their 
significance is an average uncertainty of about 
+ 0.02°, except for one set of patterns made after 
an extension of the specimen of 2.2 percent. The 
spots on the stationary film patterns in this case 
were not significantly different from those observed 
on the other stationary films and were measured 
in the same manner. On the moving film patterns 
from this specimen, however, the spots were so 
diffuse that they could not be measured even after 
prolonged exposure. Only a visual estimate could 
be made of their average breadth, which 
about 1.5 

The average misorientation is plotted in figure 6 
as a function of the cumulative plastic strain for one 
cycle of 1 percent amplitude. 


was 


3. Discussion 


The misorientation reported in the data table and 
on the graph is the average contribution to the 
breadth of the diffraction spots arising from the 
misorientation within the diffracting grains. The 
fact that a small amount was observed with the 
material in the initial condition indicates the sensi- 
tivity of the method, since the evidence of mechanical 
tests, metallography, and the sharpness of ordinary 
back-reflection X-ray patterns indicated that the 
was well annealed. This misorientation is 
actually the range of angle of the family of atomic 
planes in the metal grain from which diffraction 
takes place. Both plastic lattice bending and small- 
angle fragmentation may contribute to this spot- 
broadening factor; their effects are not separable 
by this technique. 

The maximum average values of misorientation 
were observed in specimens cut so that their surfaces 


> The 


made an angle of 45 


brass 


with the loading axis. 
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for one cycle of plastic strain of 1 percent amplitude. 


directions of maximum shear stress were also at 45 
to this axis. Because the angles of incidence and 
diffraction of the X-ray beam with respect to the 
polished surface were maintained equal, the diffrac- 
tion planes (111) were parallel to this surface. 
The (111) plane is also the preferred plane of slip 
in this material. Hence, in the 45° section the 
observed diffraction spots came from crystals in 
which the angle between the slip plane and the 
maximum shear stress could be as small as zero. 
Since the smallest angle between (111) planes is 
70°32’, in the diffracting crystals of the longitudinal 
and transverse sections the angle between the slip 
plane and the direction of maximum shear stress 
could not be smaller than about 25°; and it is signifi- 
cant that the misorientation = hada n the latter 
cases was always smaller than that of the 45° speci- 
mens. These results emphasize the sensitivity of 
the method, and — that the lattice disiortion 
of individual crystals 1 polycrystalline matrix is 
related to their orie wales 

The partial recovery of the misorientation with 
reversal of strain measured here in a quantiiative 
manner is in agreement with those earlier qualitative 
observations on X-ray diffraction patterns cited 3 
the introduction to this paper. These observations 
demonstrate that at least part of the lattice disiortion 
is recoverable, and imply that, when the stress tha, 
has led to the generation and flow of dislocations in 
a crystal is reversed, at least part of the behavior 
of the dislocation system may also be reversed. 

The average values of misorientation, 0.26° and 
0.14°, observed in the two stages of the negative 
half cycle (i.e., begun with compression), as compared 





| to the values 28 and 12 for the corresponding stages 
of the positive cycle, are symmetric, as expected it 
view of the shear nature of plastic deformation se 
slip in face-centered cubic metals. It was not felt 
necessary to carry the negative cycle any further 
under these circumstances. 
The linear increase in 
orientation at zero net 


the average residual! mis- 
strain is an interesting 
phenomenon. It indicates a air ge amount of 
disorder not recoverable by reversal « on 
the dislocation system and is perhaps phcsan rd to 
the capture of dislocations at permanent pinning 
points due to plastic lattice bending carried so far 
that dislocations in other slip planes are generated. 
It would then be expected that the residual mis- 
orientation would be associated with the cumulative 


f stresses 


work-hardening of the metal, which Wood [17] 
found to increase nearly linearly with the first few 
cycles of reversed plastic deformation. Such a 


correlation is obscured by the reversible 


Mis- 
orientation and by the Bauschinger effect, but it is 
hoped that further investigation will clarify the 
relationship. 

The increase in misorientation when the = uni- 


directional plastic strain was doubled was sur prisingly 
large. It may reflect the increasing number 
systems that must 
crystals are forced 
inhomogeneous 
aggregate. 


of slip 
become active when individual 
to accommodate to the highly 
strain in the — polyerystalline 


4. Conclusions 


The instrument and procedure described, while of 
only moderate complexity, permit quantitative 
measurements of intragranular misorientation in 
polyeryst: alline metals that are believed to be 
sufficiently precise for many purposes. Application 
of the technique to alpha brass specimens deformed 
in tension and compression showed that: 

(1) Misorientation was highly sensitive to plastic 
deformation, the average value increasing from 0.06 
to 0.28° when the annealed material was deformed 
plastically 1 percent 

(2) A large part of the misorientation was elimi- 
— when the plastic strain was reversed. 

The residual misorientation increased linearly 
with increasing cumulative strain. 

(4) The misorientation measured on surfaces 
parallel to directions of maximum shear stress was 
larger than that measured on surfaces either parallel 
or perpendicular to the loading axis. 


The authors acknowledge the cooperation of 
colleagues at the National Bureau of Standards who 
mis ade significant contributions to this investigation: 

1 partic cular, A. N. Greaf, who built the goniometer 
can H. E. Utech and P. D. Sarmiento, who assisted 
with the X-ray specimens and patterns. 
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Enthalpy and Specific Heat of Nine Corrosion-Resistant 
Alloys at High Temperatures ° 
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(September 1, 1960 


Specific heats from 0 to 900 °C that are believed to be accurate in general to within 

0.3 percent are reported for two alloys: 90 Ni-10 Cr and stainless steel, type 316. These 

values were calculated from enthalpies measured with a drop method and a precision Bunsen 

ice calorimeter. For reference and comparison, high temperature specific heats of seven 

other base-metal alloys, determined similarly at the Bureau and previously published, also 

are tabulated. These seven alloys are 80 Ni-20 Cr, 76 Ni-15Cr—9 Fe (three slightly different 
samples), stainless steel, types 347 and 446, and Monel (67° Ni, 30% Cu). 


1. Introduction sition introduce into the specific-heat— temperature 
curve large anomalies attributable to the appearance 
Certain base-metal alloys which are relatively | of phase changes. 

resistant to corrosion find practical applications at 
elevated temperatures, where a knowledge of their 
specific heats and other physical properties is often 
needed. For many of these, specific heats only at 
or near room temperature have been reported. 
During the past few vears the specific heats of nine 
such alloys have been measured accurately (from 
0 to 900 °C in all but one case) at the National 
Bureau of Standards. The values for seven of these 
alloys and complete details have been published 
previously |1, 2]*, but for ready reference and com- 


2. Alloys Recently Measured 


Enthalpy measurements were made on_ three 
samples (A, B, C) of the alloy 90 Ni-10 Cr (com- 
mercially designated as Chromel P) and on one 
sample of stainless steel type 316 (Am. Iron & Steel 
Inst. designation). Table 1 gives the compositions 
of these alloys as determined by their analyses at the 
Bureau,’ and also affords a comparison with the 
ranges of composition associated with the nominal 
parison are tabulated here alongside the newly re- | designations “Ch P” [3] and “SS 316” [4]. No 
ported values for the other two alloys. Several of | attempt was made to correct the measured enthal- 
these alloys are so similar in chemical composition | Ples to the basis of a different composition. — 
that the comparison of their specific heats hay Phe enthalpy measurements on 90 Ni 10 { . 
afford some assistance when it is desirable to esti- bane made on rolled strips. As indicated in section 
It should t, a few of these measurements were On specimens 
that had been previously annealed by heating to 
approximately 1,100 °C for about 5 minutes [5]. 


mate values for analogous compositions. 
be pointed out, however, that the specific heats of 
many alloys depend appreciably on their previous 


histories, and In Many Cases small changes in com po- 





The samples of 90 Ni-10 Cr were analyzed by chemical methods The analysis 
— a of the stainless steel type 316 was determined spectrochemically, and is to be con- 
lhe measurements on 90 Ni-10 Cr were supported by the Diamond Ordnance le mate only, since suitable spectrochemical standard samples were 
Fuze I tory, D rtment of the Army, I ton, D.C. Those on stain However, the enthalpy and specific heat of the latter alloy are 
teel type 316 were supp | by the Wright Air Development Center, D¢ err ym position, since the heat capacities per unit mass of the 
partment of the Air I e, Wright-Patterson Air Force Base, Ohio element iron, chromium, and nickel) are approximately the 
I ire I racket te the literature references at the end of this paper same 
TABLE 1 Chemical compositions of the alloys thermally measured and of the corresponding nominal alloys 
Chemical composition weight percent 
Alloy desig Sample 
nation 
Ni Cy Fe SI Zi Co Cu Mn Nb Mo C Total 
Measured (A 89. | 9,6 | 0.63 ; 0.42 | 0.12 | 0.08 | 0.01 0. O1 100. 0 
Ch P do B 89. 3 9. 3 34 14 11 05 Ol O02 | 0. 26 99. 8 
do ( 89. 4 9.3 ti) 16 11 03 Ol Q2 26 99,9 
Nominal 90 10 LOO 
SS 316 \leasured 12. 6 17. 0 . } , , ‘ 1. 4 , 2. 0 . 
Nominal 10-14 16-18 61.0 » 2.0 2-3 |°1. 0 
No ¢ 
Ma 1 
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All the enthalpy measurements on stainless steel 
type 316 were made on the sample (sawed from a 
large ingot) in the condition in which it was received, 
without. further heat or mechanical treatment. 
The thermal history of the sample is unknown, but 
supposedly it had been annealed by heating in a 
salt bath and quenching, which is the standard pro- 
cedure for austenitic stainless steels [4]. 


3. Calorimetric Procedure 


The apparatus and method used in measuring the 
enthalpy were described in detail in a recent paper 
[6]. Briefly, the sample in a helium-filled container 
of the alloy 80 Ni-20 Cr was held inside a gal ‘T- 
core furnace in an atmosphere of helium until, 
determined by preliminary “relaxation-time”’ “oahu 
the sample had time to reach the furnace temper- 
ature within 0.01 deg C. The sample and container 
were then dropped into a precision Bunsen 
calorimeter, the heat they delivered in cooling 
0 °C being determined by the mass of 
entering the calorimeter because of the reduction 
in volume caused by the melting of ice. Similar 
measurements were made on the empty container to 
account accurately for (a) the part of the heat due 
to the container when a sample was present, and 
(b) the heat lost outside the calorimeter during the 
drop. 


ice 
to 
mercury 


The furnace temperature, which was held constant 
to +0.01 deg C during a heat measurement, was 
measured up 600 °C by a strain-free platinum 
resistance thermometer and above 600 °C by a 
platinum — platinum-10-percent rhodium thermocou- 
ple. Both instruments were actually read up to 
600 °C in order to be able detect any unusual 
departure of either from its calibration. The ther- 
mocouple had been calibrated on the International 


a 
to 


TABLE 2. 


Mean observed enthalpy, 





Furnace 
tempera- 
ture ¢ Sample A Sample A 
unannealed annealed 
( cal q i cal q l 
100. 00 10. 75 +0. 005 
200. 00 22. O&8 + 0. 020 
300. 00 33. 9140. O10 
350. OO 10. O1 + 0. O05 
100. 00 16. 20+ 0. 025 
500. 00 58. 87 +0. 005 58. 87 + 0. 005 
600. 00 71. 93+ 0. 010 
650. 0 78. 78+ 0. 030! 
700. 0 85. 81+ 0. 020 >. 85. 86 4 
800. 0 99, 84+ 0. 025 
900. 0 114. 28+ 0. 010 
« Each value represents the mean of two runs on the sample except where o 
The mean of three runs on the sample at this temperature 
A fourth run on the sample, discarded because of very inferior precision, is n 
1 Only 1e run was made on the sample at this temperatur 


Relative enthalpy of 


Temperature Scale of 1948. The calibration factor 
of the ice calorimeter w: is taken to be 64.646 defined 
thermochemical calories * per gram of mercury, which 
based on hundreds of electrical determinations 
made earlier at the Bureau {6}. 


is 


4. Enthalpy and Specific Heat of 90 Ni-10 Cr 


The mean observed values of enthalpy relative to 
0 °C are shown for the four samples in columns 2 to 


5 of table 2. For each case where more than one 
run was made on the sample at a given furnace 
temperature, the standard deviation of the mean is 
stated as a tolerance, and takes into account not 


only the precision of the runs with sample but also 
that of the runs on the empty container at 
temperature. (No runs were actually made on the 
empty container at 350 and 650 °C, but the enthalpy 
values used at these temperatures were obtained from 
smooth deviation plots of the runs at the other tem- 
peratures.) The few values in columns 3 to 5, which 
were run to compare several similar samples, differ 
by 0.15 percent or less from the v: alues in column 2 
amounts within the accuracy of the measurements), 
and will not be further considered. 

The values in table 2, column 2, show — 
varying differences up to and including 600 but 
in comparison an anomalous rate of increase with 
temperature between 600 and 700 °C. Three em- 
pirical equations were derived to fit the enthalpy in 
the respective temperature ranges 0 to 600°, 600 to 
700°, and 700 to 900 °C, and their deviations from 
the mean observed values are given in the last column 


the same 


of table The coefficients of the enthalpy equa- 
tion for 0 to 600 °C were derived by the method of 
least squares; those for the equation from 700 to 
‘The “define thert wher ( rik 1.1840 ylute joules) is the unit 
of he Suk the yuughout t paper 
90 Ni-10 Cy 
H,— Ho oc® Mean observed 
col 2) minus 
smoothed 
Sample B Sample C enthalpy 
unannealed annealed 
cal g 1 cal q 
0. OO 
Ol 
Ol 
Ol 
Ol 
58. S240. O15 58. 90+ 0. O65 OO 
Ol 
03 
85. 68+ 0. O45 85. 75 OO 
OO 
OO 
herwise indicated 
ot included in the tabulated meat ts stated tolerance 


66 


900 °C were obtained by direct substitution of the 
experimental points. The equation for 600 to 700 
°C owas then derived by 
enthalpy and specific heat at 600 and 700 °C with 
the equations representing the other two temperature 
regions. ‘Lhe enthalpy and corresponding specific- 
heat equations (in terms of calories per gram and at 
i °C) are: 


0 to 600 ~C: 


H,—H, oc=0.11680t+ 1.652 (10-)t 

8.11 logy [(f+ 273.15) /273.15] (1) 
(’,=0.11680+-3.304 (10~°)t—3.52/(t+- 273.15) (2) 
660° to 700 °C: 


H .—H, ec= 182.977 —0.74319t+ 1.38310 (10~*)é 
6.680 (1077)t (3) 

( 0.74319 2 6620 (10 f 2.0040 (107-°)t- 1) 

700 to GOO °C: 

H — Hy 0 0.92 +0.10955t-+ 2.050 (1075)# 5) 

U, 0.10955 $100 (10 \/ (6) 


anes specific heats represented by eqs (2), (4), and 


(6) are shown by the solid curve in figure 1, and the 
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requiring continuity of 


‘*smoothed”’ 


“observed”? points were computed from successive 
differences in table 2, column 2, with application of 
corrections for curvature derived from eqs (2) and 
(4). Though it is obvious that there is a local max- 
imum between 600 and 750 °C, the enthalpy was 
measured at too few temperatures to define accu- 
rately the course of the specific -heat curve in this 
temperature region; the particular curve formulated 
is, however, consistent with all the enthalpy data 
obtained. The Curie temperature of this alloy 
below the range of measurement [8]. However, 
similar ‘‘anomalous” increases in heat capacity in 
the temperature range 500 to 800° C have been ob7 
served in many nickel-rich alloys containing chro- 
mium [1,2,7]. The effect is par: alleled by irregulari- 
ties in other physical properties of the same alloys, 
and has been attributed by some authors to the dis- 
ordering of a lattice of sbkort-range order in the 
neighborhood of the composition NigCr [8]. 

The precision of the enthalpy measurements on 
90 Ni-10 Cr and their deviations from the empirical 
equations used to represent them are indicated in 
table 2. Considering also the known sources of pos- 
sible systematic and instrumental errors, the authors 
believe that eq (2) represents the true specific heat 


lies 


between 100 and 600 °C within } percent. Be- 
tween 600 and 700 °C the uncertainty is much 
creater, for the reasons indicated above. Above 700 
(’ the uncertainty should be comparable to that 


below 600 °C. 


5. Enthalpy and Specific Heat of Stainless 
Steel Type 316 


The mean observed values of enthalpy 
to 0 °C are given in the second column of table 3. 
Kach stated tolerance represents the standard 
deviation of the mean, and reflects the contribution 
from the lack of perfect agreement for both the empty 
container and the container with sample. The 
enthalpy referred to in the last column 
of the table is that given by an empirical equation 
whose coefficients were derived from the values in 
the second column by the method of least squares. 


relative 


TABLE 3 Relative enthalpy of stainless steel type 316 
Furnace temperatur Mean observed enthalpy, Mean observed minus 
t Hi-Hoec * smoothed enthalpy 
( ug ‘ 
100. 00 11. 43+.0. O15 0. 03 
200. 00 23. 46+.0. 010 . O01 
300. 00 36. 10+ 0. 020 +, 04 
100. OO 49. O7 +0. O15 . 03 
500. 00 62. 5140. 010 03 
600. 00 76. 3240. 015 . 06 
700. 0 90. 62 + 0. 020 +. 05 
800. 0 105. 21+ 0. 045 . 08 
900. 0 119. 96 +0. 025 . 06 


* Each value represents the mean of two runs. 








This equation and the corresponding specific-heat 


equation (in terms of calories per gram and at t °C), 
applicable over the whole range 0 to 900 °C, are: 
FH .— Ho ec=0.12754t+ 1.512 (10-5) ¢ 
11.08 logy [(¢+ 273.15) 
273.15] 7) 
C,=0.12754+3.024 (10-5)t—4.81 
t+-273.15). (8) 


Considering both random errors and known sources 
of possible systematic errors, the authors believe 
that eq (8) represents the true specific heat between 
100 and 800 °C within +0.3 percent. 

The three curves of figure 2 represent the smoothed 
values of the specific heat of stainless steel type 3516 











as given by the present work, by Redmond and 
Lones [9], and by Lucks and Deem [10]. Compared 
with the authors’ curve (labeled Nis’). that of 
Redmond and within their stated 
uncertainty of +5 percent, and that of Lucks and 
Deem agrees 1n veneral to better than ] percent, 

Because Lucks and Deem gave no unsmoothed 
values, estimates of accuracy, or sample analyses, 
there is no sound basis for making a truly objective 
comparison with the NBS curve. However, it seems 
likely that a major cause of the small differences 
may be their use of a positive-power series (of the 
form ©C,=—A+bt+CP+D#*) to represent their 
smoothed values. As a general rule, if this form of 
indicate, the temperature 


Lones agrees 


equation does not in 
range of measurement, a radical change of slope for 
which there is no experimental evidence, it very 
often does so when extrapolated to higher temper- 
atures. Knowing that extrapolation of empirical 
equations is widely indulged in by their users, and 
not without some practical justification, the present 


0.160 7 Seite : 
i authors prefer forms of equation (such as eqs (6) and 
8)) which give extrapolated curves similar in shape 
to the majority of known cases. 
6. Compilation of the Specific Heats of Nine 
Alloys as Determined at the National 
Bureau of Standards 
o 0.140 
S The purpose of this section is indicated in the 
= introduction (section 1), where the original refer- 
r ences to the seven alloys not discussed in this paper 
30 are cited. The chemical compositions as determined 
~ a / by chemical analysis are given in table 4, and the 
a. po ,” —— NBS SMOOTHED (eq 8) . > . ° : a 
¥é VA P NBS OBSERVED smoothed values of specific heat are given in table 5 
a ——- REDMOND & LONES SMOOTHED [9) 
ee / —-— LUCKS & DEEM SMOOTHED [0] ~~ — 
0.12 . e 
i / The authors thank several members of NBS who 
f! aided the present investigation: the samples of 90 
/ Ni-10 Cr were chemically analyzed by R. K. Bell 
0.110 L — he od and E. FE. Maczkowske, while the sample of stainless 
; TEMPERATURE .°C steel type 316 was furnished by a Pe, vVinan and 
Figure 2. Specific heat of stainless steel type 316. spectrochemically analy zed by R. FE. Michaelis. 
TABLI } Chemica com pos lions of nine allo ? ao hy } 
Stain] € te GON i ( } 
Ele i sv ( \l 
347 \ 2 p 
Oo, ¢ i ( « ( ( if ( 
¢ tf tf ri ( ( ti ¢ ¢ 
Fe ‘ ‘ \ 0.6 0. 45 S. S7 7. 89 8. 14 16 
Ni 12. 6 11.1 0. 32 RQ. I 77.4 75. 99 76. 45 75. 64 66.9 
("ry 17. 0 i 2 25. 58 6 19. 5 14. 42 14. 96 15. 32 
Cu 0. O] (). 22 0. 15 0. 19 20,8 
Mn 1.4 1. 30 0. 42 QO} QO. 5! 28 26 33 1. 0 
Nb 0. 86 
Si 0. 4 52 68 {2 1. 4 17 19 21 0. 07 
&. OS 23 0. O04 Q2 0; 11 5 
Ss O16 OO7 OOT OO7T 
Pp O19 
Zr 12 
Mo 9 (0 
Co OS 
Tot wecounted 100. 0 99 4 yt he gy OR QQ OS gg 5 
» Ne 
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TABLE 5 Specific heats of nine alloys (in cal g-' deg ¢ 
\ S ( GONi-10Cr TONi-15¢ ) 
gos Mon 
( 16 47 4 ~ DA sample > 2 p 
0 0. 110 0. 110 0. 108 0. 104 0. 103 0. 105 0. 104 0. 105 0. 101 
25 1122 112 L110 1058 105 1068 1061 1066 102 
50 1142 114 115 LO76 107 1084 1077 1082 103 
100 1177 11s 11S 1107 111 1112 L108 1111 105 
200 1234 123 129 1160 L117 1160 1160 1162 110 
00 1282 128 140 1206 122 1202 1207 1208 114 
100 1325 133 151 1248 126 1240 1249 1251 
500 1364 137 163 1288 131 . 1276 1290 1292 
600 1402 1-41 21 1326 14 1379 1377 1396 
700 1438 145 170 138 147 1421 1422 1430 
SOU 1472 149 163 142 152 1462 1467 1465 
YOO 151 152 162 146 156 150 151 150 
4 “4 ble 4 t 
* 
_ References 7) H. Masumoto, M. Sugihara, and M. Takahashi, Nippon- 
Kinzoku-Gakkai-Shi (J. Japan Inst. Metals) 18, 85 
=a ; a . 1954); Chem. Abstr. 50, 12625 (1956). 
: Lae “% J. L. Dever, J. Research NBS 54, 15 8] M. Hansen, Constitution of Binary Alloys, 2d ed, pp. 
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i de) VP ead 541 to 546 (McGraw-Hill Book Co., Ine., New York, 
. B. Douglas and A. W. Harman, J. Research NBS 60, Toronto, and London), 1958 
563 (1958) RP2870. 9] R. F. Redmond and J. Lones, U.S.A.E.C. Report ORNI 
\MIechanieal Pr yperties of Metals and Alloys, NBS Cire 1342. 1952. = ey ; ’ 
47 (U.S. Government Printing Office, Washington, 10] C. F. Lueks and H. W. Deem, Thermal properties of 
D.C., 1943 = : thirteen metals, ASTM special technical publication 
Metals Handbook, Amer. Soc. Metals, pp. 554, 563, No. 227, Amer. Soc. of Testing Materials, Philadelphia, 
Cleveland, Ohio (1948 Pa 1958 
Metals Handbook, Amer. Soc. Metals, pp. 1031-1033, 
Cleveland, Ohio (1948 
+, T. Furukawa, T. B. Douglas, R. I MeCoskey, and 


1) ( Gill 
R P2694 


nings, J. Research NBS 87, 67 (1956 


( Paper 65C1—56) 


69 








URNAL 


F RESEARCH of the National Bureau of Standards—C 


. Engineering and Instrumentation 


Vol. 65C, No. 1, January-March 196] 


Determination of Minor Constituents in Low-Alloy 


Steels 


by X-Ray Spectroscopy 
Robert E. Michaelis, Robert Alvarez, and Betty Ann Kilday 


(September 13, 1960) 


The analysis of low-alloy steel by X-ray spectroscopy has been investigated for the 


determination of minor constituents. 


In this study, detection limits and interferences were 


examined for the following 20 elements: Ag, As, Co, Cr, Cu, Ge, Mn, Mo, Nb, Ni, Pb, 8S, Se, 


Si, Sn, Ta, Ti, V, W, and Zr. 


For most of the elements, the detection limit is below 0.01 
percent which is sufficient for control analyses. 


Interferences or interelement effects in 


low-alloy steel were found not to be serious, but may be encountered; for example, zirconium 


interferes with the determination of molybdenum. 


The application of the National Bureau 


of Standards standard samples to these determinations is discussed. 


1. Introduction 


A recent development in the field of spectrometric 
analysis is the application of the X-ray spectrum 
for making rapid and accurate determinations, 
particularly of major constituents in complex alloys 
such as those used in jet aircraft and rockets. The 
general techniques and applications of X-ray spec- 
trometric analyses have been described in the litera- 
ture {1, 2]... Although X-ray spectroscopy has been 
used for trace analyses, most of the reported work 
has been with solution or powder samples [3, 4]. 
Application of the X-ray method for determining a 
wide range of minor and trace constituents in steels 
by means of direct excitation of the metal has not 
been reported in the literature. The purposes of 
this investigation were twofold: First, to examine 
the sensitivity of detection and_ possible inter- 
ferences in the determination of 20 elements in iron 
and steel; and second, to observe the applicability 
of NBS standard samples of low-alloy steels for 
calibration in this system. 





2. Principles and Equipment 


The analytical technique for X-ray emission 
analysis involves irradiating a sample by an X-ray 
beam of high energy, producing secondary X-rays 
having wavelengths characteristic of the elements 
in the sample. The radiation is dispersed according 
to wavelength by a suitable crystal and the X-ray 
intensity measured at selected wavelengths. Stand- 
ard samples are used to relate this intensity to the 
concentration 

The instruments generally available are designated 
as flat- or curved-crystal spectrometers depending on 
the tvpe of analyzing crystal employed. In flat- 
crystal spectrometers, collimators with parallel flat 
plates provide optimum intensity and resolution; in 
the curved crystal or focusing type, slits are used, 

i Figures in brackets indicate the literature refere 
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In both types, the crystals are positioned according 
to Bragg’s Law to obtain the wavelength of interest. 
Different crystals and radiation detectors with 
optimum characteristics may be used depending on 
the wavelength desired. Since the soft (longer wave- 
length) X-ray radiation of elements of low atomic 
number is easily absorbed by air, helium or hydrogen 
is substituted for air for the determination of ele- 
ments below atomic number 22; recently vacuum 
spectrometers have been developed for the same 
purpose. 

The detectors common use include Geiger, 
proportional, and scintillation counters. Signal 
pulses from a detector may be counted by means of a 
sealer circuit, or the charge developed by the de- 
tector may be stored in a capacitor. An analytical 
curve can be established by relating the number of 
counts per unit time, or the integrated charge over a 
fixed time period, to the concentration. 

A commercial multichannel X-ray unit of the 
curved crystal type served for this investigation. 
Incorporated in this unit is a series of crystal 
spectrometers, each with a detector and capacitor 
circuit. During the period of exposure of the sample, 
the intensities at each of 11 selected X-ray wave- 
lengths can be integrated simultaneously. Instead 
of using the conventional millivolt chart recorder, a 
readout system especially designed for our laboratory 
is employed. In this arrangement, a digital volt- 
meter provides a measurement proportional to the 
voltage developed on each capacitor during exposure, 
and displays these numbers visually. At the same 
time, results can be typed and punched on tape by 
an electric typewriter. <A four-digit number is ob- 
tained for each element by means of a sequential 
readout, and a feature of this equipment is that the 
response may be adjusted to be linearly related to 
concentration for most determinations. 

The wavelength settings and other details of the 
X-ray equipment are given in table 1. The array 
indicated is designed primarily for the analysis of 
high-temperature alloys, although other applications 


in 








TABLE P Details of the X-ra equipment 
Crystal Slit 
Klement Wavelength Atmosphert 1h etor 
tadius Material Primary Secondary 
A vt in vi 
S.... K,. 5. 373 ! NaCl He Flow Geiger 0. O40 0. O80 
Mn K, 2. 103 | Lil Nir Proportional O10 OO5 
Si K, 7. 126 } EDDT He Flow Geiger O40 020 
Ni Kk, 1. 659 1] LiF Air Proportional! O15 . O30 
Cr K, 2. 292 11 LiF do do O10 O50 
V K, 2. 505 } Lil do do O20 O10 
Mo K, 0. 711 11 Lil do do 030 O15 
Ti K, 2. 750 $ | Lik do do 040 020 
Al. kK, 8. 339 $  EDDT He Flow Geiger 040 020 
i‘ kK, 1. 791 11 Lil Ai Proportional O40 020 
W . La 1. 476 11 Lil do do O10 020 
Nb... kK, 0. 749 11 LiF do do O30 O15 
Scanner 1] LiF do do 020 O30 
Minature tube with 2 ndow 
Counter Measures ave ge current for integrat 

such as to steel also were considered. All channels | Nos. 1161 through 1168, served for most of this 


but one are fixed with respect to the individual wave- 
lengths. The seanner, which lay be set to measure 
any of the shorter wavelengths, provides additional 
flexibility for the determination of the elements of 
higher atomic numbers (atomic numbers 22 
above) not included in the fixed program. 

As an external standard, a small copper sample is 
irradiated by the primary X-ray beam, and_ the 
undispersed radiation measured by a 
Geiger detector operating in the proportional region. 
A preset value of integrated intensity for this 
channel terminates the exposure for all other 
channels. 

Each spectrometer is set for the particular element 
by selecting the type of crystal and detector, choice 
of helium or air path, and settings of primary and 
secondary slit systems. These factors markedly in- 
fluence the detectability, although other factors also 
are important such as the current and voltage of the 
X-ray tube, thickness and material of the tube win- 
dow, path length, time of counting or integration, and 
the material irradiated. 

The X-ray tube was supplied with an end window 
and a platinum target. Platinum was chosen since 
the determination of tungsten at low concentrations 
was required and this precluded the use of a tungsten 
target. Although studies were made to determine 
optimum power settings of the X-ray tube for the 
determination of some elements at 


and 


secondar\ 


low concentra- 
tions, it was found satisfactory to use one setting for 
all of the reported work—50 kv and 35 ma. Expo- 
sure times generally were either 1 min for the K 
series spectra of medium atomic number elements, 
or 4 min for the lighter elements and for the L series 
spectra of the heavier elements. 


3. Standard and Reference Samples 
The of eight NBS Spectrometric Standard 
Samples of Ingot Iron and Low-Alloy Steel, NBS 


set 


72 


investigation. ‘Table 2 shows the values of the re- 
cently revised Provisional Certificate of Analyses for 
the eight standards. Other samples used in this 
investigation include the following: (a) Eight pro- 
posed NBS white cast-iron standard samples, (b) 
several of the older NBS spectrographie low-alloy 
steel samples which were originally '4 in. in diameter 
but were upset forged to a size suitable for X-ray 
spectroscopy (NBS Nos. 805a, 810a, 820a, and 821), 
(c) two solid sections of the NBS chemical standard 
samples (NBS Nos. 130a and 159), (d) seven refer- 
ence samples of stainless steel containing a graded 
series for selenium, and (e) one reference sample of 
for silicon. A surface grinder was used for 
preparing all samples for analysis. 


4. Results 


4.1 Analytical Curves for Elements Commonly 
Determined 
The analytical curve for manganese in iron and 
steel is shown in figure 1.6 Each plotted point on 
this and subsequent curves generally represents the 
of four individual determinations. With 
linear coordinates the plotted points closely fit a 
straight line. Log-log coordinates can be used to 
spread the analytical scale at the low concentrations 
when this is desirable. Note that the digital volt- 
neler response reads directly in terms of concentra- 
tion; one digit response is equal to 0.001 percent of 
Similar straight-line curves are obtained 
with the standards for copper, nickel, chromium, and 
vanadium. If the concentration ranges are extend- 
ed beyond those considered in this investigation, 
interferences may be observed. For example, chro- 
mium at higher concentrations will interfere in the 
determination of manganese [5]. 


steel 


average 


Inahnganese, 








Che standards are described in NBS Cir¢ », Standard Materials Issued by 
the National Bureau of Standard Chis Circular may be obtained from the 
Superintendent of Documents, U.S. Government Printing Office, Washington 25, 
1).C., for 35 cent Supplementary inserts are available from the National Bureau 
f Standards upon request 
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Revised November 25, 1959 
Spectrographic ingot Iron ind low-alloy steel stand ard 
NBs No 161 162 163 164 165 166 167 16S 
116] 1162 1163 1164 1165 1166 1167 L168 
Designatior Low-alloy | Low-alloy Low-alloy | Low-alloy Ingot Ingot Low-alloy | Low-alloy 
steel A steel B steel © steel D iron k iron F steel G steel H 
} € a wy / bo | af /, “A ud ““ 
( QO. 15 0. 40 0. 19 Q). 54 Q. 037 0. 065 0. 11 Q. 26 
Mi 36 94 1.15 1. 32 . 032 ey 275 47 
P 053 O45 Q, O31 0. O17 . OOS O12 033 023 
Ss Q2 02) 02 (02 OL) Ol 01 , 02 
Na) | OAT 28 1 {8 . 029 Q25 26 O75 
Cu 34 20) 17 QO4 O19 033 067 26 
Ni ii 10 39 13; _ 026 O51 OSS 1. 03 
C1 0; 13 7A 26 O78 O04 Ol! 036 0. 54 
\ 024 Qd58 10 29 QO2 _ O0O7 O41 17 
Mo 30 OSO 12 O29 QO5 . O11 Q21 20 
Ss 022 O66 O13 043 001 005 10 009 
Ti Ol (037 OLO O04 20 O57 26 O11 
B OOO OOO 0012 O05 . 000, OOO O00 009 
\s O28 O46 10 O1S ~ O10 _ O14 14 . 008 
\ O12 O53 10; 022 001 006 20 O77 
Zt O05 063 20 O10 O02 ) _ 005 094 O05 
Nb Ol O96 .19 O37 OOl O05 29 006 
Ta QO2 O36 15 069 001 . 002 23 005 
Al OOS 02 Q2 005 19 01 16 O4+. 
Co 26 11 01 O2s QO8 . 04, O74 16 
Pb 003 ) _ 006 O12 020 . 0005 . 001 O00. 0005) 
Ay OOLs . 0002) . 0002 003 . 0002 _ 0004; O04 0002 ) 
Ge 001 . 0030) . 002; OO1; . 0038 . 0035 0030) OO 19) 
) Q2 . 006) . 007 . 006 QO3 . 005 . 004 . 004 
N OOs OO, ) 00 00 OO OO; OO, O00, 
Ss 1) j 1 ter and 4 in. long 
LL ks 1 n | neter and %4 ul thick 
Va of certified, but are given [or information on the compo 
: The analytical curve for the molybdenum Ka line 
at 0.711 A is shown In figure 2; some of the points of 
aos A this curve exhibit interference caused by the zirco- 
Mn Ka 2.103 ; nium Kg line at 0.702 A. For interference of this 
ir 
ea Ka 
4 
| Pe 
| 
68 | 
vd | ws 6 K 
¢ | e CORR 2 
67 4 
Ae E. 
- 67 
66 Vly 
Te, ma aaa 
A 6¢ 2.0 3 4 
me) 2.0 TA TMETER RESF 
TAL VOLT TER RESPO V . * , 
6 LTME SPONSE , FIGURE 2 Analytical curve jor molybdenum K, line showing 
FIGURE | Analytve al curve for manganese tn steel. correction for inte rfe rence by zirconium. 


TABLE 2. 


Prot isional cerli ficale 


of analy Sis 


73 








type, a correction curve can be established by the 


use of standard samples to relate the apparent in- | 


crease in molybdenum content to the zirconium con- 
tent. The relationship is linear for the ranges of 
concentration usually covered. The corrected 
values, which are otained from a separate correc- 
tion curve, are indicated by the black dots. To de- 
termine molybdenum with the most sensitive K, line, 
either the zirconium content of the samples to be 
analyzed must be known to be below about 0.02 per- 
cent, or the zirconium content must be determined 
and a correction made. An alternative procedure is 
to choose a higher diffraction order of the same line to 
achieve separation from the interference line; how- 
ever, this usually results in a severe loss in intensity. 
Another alternative is to use another line of the same 
series or another series; either choice results in a loss 
of intensity, the magnitude of which depends on the 
line chosen. 

The analytical curve for the molybdenum Kg line, 
figure 3, clearly shows the absence of zirconium in- 
terference. In contrast to a 1-min integration time 
with the K, line, a 4-min time is necessary with the 
Kg line for suitable detectability and for the precise 
determination of molybdenum at an alloy concentra- 
tion of about 0.2 percent. 
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Ficgure 3. Analytical curve for molybdenum Kg line, showing 


absence of interference by zirconium. 


Only preliminary results are available for the 
determination of silicon in low-alloy steel. Figure 4 
shows the curve covering the range from about 0.1 
to 0.8 percent of silicon and indicates the feasibility 
of the determinations. Even with 4-min integra- 
tions, however, rather poor detectability is observed 
and additional work on the determination of this 
element is necessary including possible changes in 
detector, crystal and slit width. Additional work 
on a set of proposed NBS white cast-iron spectro- 
metric standards bas demonstrated the suitability 
of the X-ray method for the determination of silicon 
over the concentration range of 0.5 to 3.5 percent. 
In this investigation, it was observed that deviations 
from the analytical curve nay occur as a result of 
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Figure 4. Preliminary analytical curve for silicon in steel. 


Point 00 represents a reference sample from the United States Steel Corporation. 


different casting conditions and surface preparations 
of samples and standards; these variables should be 
controlled carefully. 


4.2. Analytical Curves for Elements Not Commonly 
Determined 


The determination of boron in steel unfortunately 
cannot be done with the X-ray spectroscopic equip- 
ment now available; hence, optical emission has the 
advantage for this element. By contrast, selenium 
determinations cannot be made by conventional 
optical emission spectroscopy, but may be made 
readily by X-ray spectrometry. Since samples of 
low-alloy steel containing selenium were not avail- 
able, analyzed samples of free-machining stainless 
steel of the 18-chromium—S8 nickel type were used.* 
The results for selenium are shown in the analytical 
curve in figure 5 














TMETER RE 


Fiaure 5. Analytica for selenium in free-machining 


curve 


stainless steel. 


Arsenic also is difficult to determine in steel by 
conventional optical emission spectroscopy. The 
analytical curve obtained by X-ray spectroscopy is 
given in figure 6. A correction for amounts of lead 
above about 0.005 percent was found necessary, 
since the La, line of lead is coincident with the Ka line 
of arsenic. The analytical points for arsenic, after 
making linear corrections for lead, are shown by 
black dots 
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FicgureE 6. Analytical curve for arsenic in steel. 


The analytical curve for zirconium is presented in 
figure 7. This curve is useful not only for deter- 
mining zirconium but also for correcting results 
obtained when using the most sensitive molybdenum 
Ka line (see fig. 2), provided the relationship of the 
zirconium content to the apparent increase in 
molybdenum content is established. Linear analyti- 
cal curves similar to that of zirconium are obtained 
with K radiation for titanium, cobalt, niobium, 
silver, and tin. Interferences are not observed. 
Because of the limitation in maximum voltage (60 kv) 
with this X-ray tube, L-series radiation must be used 
for the determination of some elements having large 
atomic numbers. The elements in this class include 
tantalum, tungsten, and lead. The intensities of the 
L, spectra relative to the K spectra are low; this can 
generally be compensated by increasing the integra- 
tion time from 1 to 4 min. Interferences are not 
detected for tantalum and tungsten. For lead, which 
exhibits interference from arsenic, the La, line can 
be used providing either the arsenic content is low, or 
a correction is made for the coincident Ka line of 
arsenic. As an alternative, the Lg line for lead can 
be used with little loss in sensitivity. 

The results of preliminary data for sulfur, which is 
present in eight proposed NBS» white cast-iron 


standards, are presented in figure 8. A linear 
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Ficgure 7. Analytical curve for zirconium in steel. 
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Figure 8. Preliminary anolytical curve for sulfur in cast-iron 
showing correction for interference by cobalt. 


correction for the cobalt content was found necessarv 
because the cobalt Ka@ line at 1.791 A in the third 
order (5.373 A) interferes with the sulfur Ka line at 
5.373 A. With the corrected data, a good fit of the 
analytical points to a straight line is observed for 
six of the eight standards. The other two show some 
deviation from the curve and are under further 
investigation. Similarly to silicon, a bias may be 
exhibited in the X-ray determination of sulfur 
because of different casting conditions and surface 
preparations of samples and standards. 


4.3. Detectability 


Results of the investigation for elements commonly 
determined in low-alloy steel are shown in table 3. 
Attention is called first to the detectability, which is 
defined here as that concentration at which the 
coefficient of variation is equal to 100 percent; and 
second, to the coefficient of variation at an alloy 
concentration for each element. With the possible 
exception of silicon, the data appear to be acceptable 
for control analyses of steel for these elements. 

The results of the investigation for elements not 
commonly determined in steel is presented in table 4. 


TABLE 3 Results for elements commonly determined in 
low-alloy steel 


Precision 


Element Wave Integra- Detecta 
length tion time bility Concen Coeff Interfer 
tration cient of ence 
variation 
i min ( 

Mn Ka 2.103 1 0. 003 1.00 0.3 | None 

Si Ka 7.126 4 05 0. 30 16.3 Do 

Sis Ka 7.126 } 2.00 2.2 Do 

Cu Ka 1.542 1 005 0. 25 2.0 Do 

Ni Ka 1.659 1 004 1.00 0.4 Do 

Cr Ka 2.292 l 005 1.00 5 Do 

\ Ka 2.505 1 007 0.2 2.7 Do 

Mo Ke 0.711 1 001 25 0.4 | Zr 

Mo K 2 0.632 4 002 25 & None 

* Cast iron 








TABLE 4. Results for elements not commonly determined in 
low-alloy stcel 

Element | Wavelengt} Integra- Detecta- -nterfer- 
tion time bility ence 

A min q 

Ss K, 5.373 ! 0. 002 Co 

Ti K, 2.756 l O15 None 

Ti» kK, 2.750 l OO7T Do. 

Co K, 1.791 l . 002 Do 

Ge K, 1.256 | 003? | ? 

As K. 1.177 | .0007 Pb 

Se et 1.107 l . 006 None 

Zr K, 0.788 ! . 0006 Do. 

Nb K, 0.749 | 002 Do 

Ag K, 0.562 | 0009 Do. 

Sn K, 0.493 l . 004 Do. 

Ta Le, 1.522 i . OOS Do. 

W La, 1.476 | 003 Do 

Pb Lig! A875 { 004 As 

Pb Le 0.982 | 005 None 

s Geiger tube: the detector r elements are listed in table 1 


Acceptable detectabilities have been obtained for 
most of the elements. Specifically, the observed 
detectability for sulfur in the east irons, 0.002 percent, 
indicates that this element can be determined success- 
fully in most Note that for 
titanium, a detectability 


irons. 
improvement 


sieels and east 
iwo-fold 


was realized by the substitution of a Geiger for a 
proportional counter. Although not normally re- 
quired, considerable additional improvement for 


titanium (and vanadium as well) could be realized 
by employing helium or a vacuum rather than an air 
path. Samples containing more than about 0.003 
percent of germanium were not available for further 
study of this element. 


5. Discussion 


It is of 


interest to compare the X-ray spectro- 
scopic 


method of analysis for low-alloy steels to the 
conventional optical emission method with respect 
to detectability, precision, and speed. Although 
X-ray spectroscopy gained widespread use 
primarily i in the determinations of major and some 
minor constituents, the observed detectabilities for 
the minor and trace elements contained in low-alloy 
steels show that the method can be extended satis- 
factorily to this application. For the majority of 
elements, however, the optical emission method offers 
a marked advantage in detectability. 


has 


Od) 


(Paper 65C 1 


76 


It is difficult to compare the precision of the two 


methods without specific reference to the element, 
concentration, exposure time, and sample. For 
most elements and with normal exposure times, 


optical emission will provide better precision below 
Q.1-percent concentration; the precision of the 
methods are about equal for concentrations of 0.1 
io percent, while the X-ray method is superior 
for concentrations above 1.0 percent. A statement 
to the accuracy the two methods would be 
similar to that for precision, except that X-ray 
spectroscopy Tay provide an advants age, at least for 
the heavier elements, in the analysis of samples 
having different metallurgical history. This results 
from the fact‘that the chemical combination of the 
elements has little or no effect on X-ray spectroscopy, 
but may have a ha ve effect. on volatilization In 
optical emission analysis. 

The exposure time required for optical emission 
analysis of a sample of low-alloy steel for the elements 
manganese, silicon, copper, nickel, chromium, and 
molybdenum is about 30 With the exception 
of silicon, the same analysis by X-ray spectroscopy 
requires about 1 min (although this time may be 
reduced 30 providing the concentration of 
each element is above 0.1 percent To include the 


as of 


sec, 


to 


sec 


silicon determination by X-ray spectroscopy would 
require a minimum of 4 min (but at the same time 
sulfur also could be determined) The use of a 


vacuum instead of a helium path, improvements in 
ervstals and detectors, and shorter path length may 
reduce considerably the time required for the silicon 


determination or for other determinations that 
now require long integration times. It may be 
noted that while boron cannot be determined with 


available X-ray spectroscopy equipment, selenium 
and sulfur cannot be determined with conventional 
optical emission instrumentation 

With respect to standard samples, the investigation 


has shown that the set of eight NBS Ingot Iron 
and Low-Alloy Steel Standards (Nos. 1161 to 1168 


can be applied to develop suitable analytical curves 


for the X-ray determination of As, ¢ : Mn, 
Mo, Nb, Ni, S, Si, Sn, Ta, Ti, V, W, and Zr. For 
the determination of Ag, Ge, Pb, and Se, additional 


standard samples are required. 
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Measurement on the smoothness of paper, T. 
M. Mandel, Tappi 48, No. 4, (1960). 
The details of an interlaboratory study of the Bekk, Sheffield, 
and Bendtsen air-leak methods for the measurement of the 
smoothness of paper are presented. The data are analyzed 
using a procedure based on a linear model of the measuring 
and the results are interpreted in terms of this 
statistical model and the sensitivity concept. A comparison 
with previous work is also included. For the special series of 
mimeobond papers used in the study, good relationships were 
found between methods setween-laboratory variability is 
appreciable in all three methods, but could be reduced with 
the aid of one or two standard samples. Both the Bendtsen 
and Sheffield methods suffer from scale-type errors due to the 
difficulty of bringing the several manostats of the Bendtsen 
or the several columns of the Sheffield into agreement with 
each other. When advantage is taken of their faster testing 
times to incre the number of specimens tested, the Bendtsen 
and Sheffield methods are slightly more sensitive to smooth- 
ness differences than the Bekk method. 


W. 


Lashof and 
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pre ICESS, 


Shielded coaxial leads for low temperature electrical measure- 


ments, N Brown and R. N. Barfield, Rev. Sci. Inst. 31, 
No. 6, 61 1960 
The problem of making electrical contact to apparatus at 


very low temperatures is discussed, with particular reference 
dielectric measurements in a situation where 
multiple shielding is required. Examples are given of easily 


to constant 


constructed rigid electrode leads suitable for use at low 
temperatures, which have low thermal conduction, low and 
stable inter-conductor capacitance and conductance, and 
which provide for more than two coaxial conductors. 
Compressive properties of hard tooth tissues and some 
restorative materials, J. W. Stanford, K. V. Weigel, G. C 
Paffenbarger, and W. T. Sweeney, J. Am. Dental Assoc 
60, Vo. 6, 746 (1960 


An improved method for preparing cylinders of enamel and 
dentin has been de veloped The method entails the use of a 
jeweler’s lathe and hydraulic handpiece In addition to the 
hard tooth tissues, cylinders of silicate cement, zine phosphate 
cement, amalgam alloy, inlay casting gold alloys, plastic 
teeth, and direct filling resin have been tested; these cylinders 


approximated in size of the specimens of tooth structure 
The average properties in compression for enamel ranged 
from 1.4 10° to 9.1 10° psi for modulus of elasticity; from 


) 


10,200 to $2,500 psi for proportional limit and from 13,700 
12,300 psi for compressive strength; these properties 
depended upon location, that is, cusp, side, or occlusal surface, 


type of tooth, and orientation of structure. The average 
values for dentin ranged from 1.1 10° to 2.4 10° psi for 
modulus of elasticity, from 12,500 to 24,400 psi for propor- 
tional limit, and from 30,000 to 42,300 psi for compressive 
strength The average values for the corresponding proper- 
ties of the restorative materials ranged from 0.27 10° to 
11.8 10° psi, from 6,400 to 33,700 psi, and from 9,700 to 


57,800 psi, respectively. 

Effect of tensile properties of reinforcement on the flexural 
characteristics of beams, R. G. Mathey and D. Watstein, 
J ln Concrete Inst. 31, No. 12, 12453 (1960). 

The effect of magnitude of steel stresses and the nature of 
the stress-strain characteristics the center deflection, 
strain in the conerete, widths and spacing of cracks in the 
region of constant bending moment, load carrying capacity, 
ind the failure were investigated in a series of 
flexural This series consisted of 12 reetangulatr 


of 


tests 


manner 
beam 
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concrete beams reinforced with six different types of steel 
bars with yield strengths ranging from 42,500 to 104,300 psi. 
The ratio of reinforcement was proportioned inversely to the 
yield strength, thus providing equal resistance to yielding 
under tensile forces. 


Failure occurred in all the beams at approximately the same 
load. Test results were compared with values computed 
with the “straight line’? and “ultimate strength’’ theories. 
The relationship between the computed steel stresses and the 
center deflections, width and spacing of cracks, and strain in 
the steel and concrete was determined for the six types of 
steel bars. 


Interpolation of platinum resistance thermometers, 20° to 
273.15° K, R. J. Corruccini, Rev. Sci. Instr. 31, No. 6, 637-640 
(June 1960). 

\ numerical method for interpolating the resistance- 


temperature relation of a platinum resistance thermometer is 
given. Calibration at three points such as 20, 90, and 273° K 
is required. The interpolation is then carried out by refer- 
ence to the complete resistance-temperature relations of two 
other slightly different thermometers. Limited tests suggest 
that it is possible to achieve a temperature scale in this way 
using commercially available thermometers that is reproduc- 
ible within 0.001 degree, provided the Callendar-van Dusen 
constants and the residual resistance ratio are sufficiently 
restricted. 


Post office mechanization, B. M. Levin, M. C. Stark, and 
P. C. Tosini, Proc. Information Processing and Retrieval, 
im. Inst. Elec. Engrs. General Meeting, June 19-24, 1960, 
\ilantie City, Vew Jerse Yy, tm. Inst. Elec. Engrs. Pape: 
('P60—937 (1960). 


Post Offices perform repetitive, straight-forward operations 
on ever-increasing quantities of an input that approaches a 
degree of physical standardization. Such characteristics 
strongly imply the feasibility of automatic machinery. This 
paper discusses considerations involved in such automation. 
First the design and operational variables and parameters of 
most present manual Post Offices are presented. This is 
followed by descriptions of mechanical systems and of systems 
studies that have been performed. 
then integrated in 
future automated 


The various concepts are 

a “not-too-blue sky” presentation of a 
Post Office. This latter discussion deals 
primarily with the operational requirements imposed on a 
computer performing the major control functions in the 
automated system. It should be noted this paper presents 
some of the work done towards optimizing the operations 
within an individual Post Office. Concurrent effort 
directed toward optimizing the entire Post Office 
ment’s sorting and distribution activities 


is being 
Depart- 


R. 
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Sensitive thermal conductivity gas analyzer, J. 
and R. N. Keeler, Rev. Sci. Instr. 31 No. 3, 


1960). 


Purcell 
304 Varch 
A thermal conductivity gas analyzer has been designed using 
A—C excitation for the thermal conductivity cell. This has 
greatly reduced drift and has increased The 
unit has a minimum range of 200 ppm N for full scale 
deflection. 


sensitivity 


in H 


For many years the thermal conductivity method of 
analysis has been very popular. One of the first investigators 
to use this method was Schleiermacher. Farkas and others 
applied thermal conductivity methods in their research on 
the isotopic and ortho-para modification of hydrogen. 


gas 








Transfer of liquid hydrogen through uninsulated lines, 
R. J. Richards, W. G. Steward, and R. B. Jacobs, Proc. 1959 
Cryogenic Engr. Conf., Vol. 5, Advances in Cryogenic Engineer- 
ing, p. 103 (Plenum Press, New York, N.Y., 1960). 

For certain applications the transfer of liquid hydrogen 
through uninsulated transfer lines may be practical and 
convenient even though the steady state heat flux may be 
high. Because of the uncertainty about the nature of the 
condensing film (liquid air and ice mixture) and the unknown 
effects of liquid hydrogen flow rate and quality, the investiga- 
tion reported here was undertaken to determine the heat 
flux to liquid hydrogen flowing through uninsulated lines and 
to determine pressure drops. 


The heat flux was found to be 1.1 watts/em* (3490 B.T.U./hr. 
ft?) for still ambient air and 1.9 watts/em? (6020 B.T.U./hr. 
ft?) when a 15 mile per hour wind was blowing across the 
test section. The only factors which produce perceptible, 
systematic changes in the heat flux are those, such as wind or 
vibration, which disturb the outside condensing film. The 
flow rate, quality and transfer line geometry did not affect 
the heat flux. The pressure drop data indicate that the 
pressure drop in uninsulated liquid hydrogen lines may be 
ealculated with reasonable accuracy using the correlation of 


Martinelli and Nelsen. 


Atomic clocks for space experiments, P. L. Bender, Astro- 
nautlics p. 69-7 1 Ia 4 1960). 
One prediction of the General Theory of Relativity is that 


identical clocks operating in regions of different gravitational 
potential will run at slightly different rates. This effect can 
be checked by placing an atomic clock in an earth satellite 
and comparing it with one on the ground. Types of clocks 
which are suitable for this experiment are discussed. The 
use of atomic clocks or frequency standards in satellites and 
space probes for communications and tracking purposes is 
also mentioned. 


Electroless plated contacts to silicon carbide, R. L. Raybold 
Rev. Sci. Insir. 31, No. 7, 781-782, July 1960). 

Electroless plating provides a contact useful for experimental 
testing of silicon carbide crystals. The require 
a minimum of special equipment and produces a contact with 
good electrical mechanical properties. 


process 


Effect of water-reducing and of set-retarding admixtures on 
properties of concrete, Introduction and Summary, B. E 


Foster. Am. Soc. Testing Materials Spec. Tech. Publ. 266 
I 

Introduction 1 & 2 and Summary 240-246 (June 1960). 

This paper records the introductory remarks at the ASTM 


Symposium on effect of water-reducing and of set-retarding 
admixtures on properties of concrete, which was held in 
San Francisco on October 14, 1959. 


Jones and 
oC IGS € ul 7 


A barium fluoride film hygrometer element, F. i: 
A. Wexler, J. Geophys. Research 65 No. 7, 2087 
1960). 

An electric hygrometer element which responds rapidly to 
changes in humidity is described. The relative humidity 
indication of the element passes through 90° of a total 
change in indication in 3 seconds at 20 °C and 8 seconds 
at —40 °C. 

The element consists of a thin film of barium fluoride depos- 
ited over metallic film electrodes on a glass substrate. The 
electrical impedance of the element varies about three orders 
of magnitude with relative humidity throughout the range 
20% to 100% relative humidity at a given temperature. It 
can be fabricated reproducibly to conform to mean calibration 
curves. 


“he results of a laboratory study of performance character- 
istics indicate that the element responds to changes in rela- 
tive humidity over a wide range of humidities. In the range 
studied, no upper or lower limits to the operation of the ele- 
ment were found. Hysteresis effects are small. Exposure 
to high humidity, water spray, or water immersion had no 
permanent harmful effect on the functioning of the element. 
Polarization effects are avoided by using the element only 
in a-e circuits. Aging effects resulting in shifts in calibration 
with time require further study 
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Martin and C. H. Corliss. 

The third spectrum of gold (Au 1m). L 

Tolerances for layer thicknesses in dielectric multilayer 
coatings and interference filters. K. D. Mielenz. 

Note on particle velocity in collisions between liquid drops 
and solids. O. G. Engel 

Resistance of white sapphire and hot-pressed alumina to 
collision with liquid drops. O. G. Engel 

Note on the thermal degradation of polytetrafluoroethylene 
as a first-order reaction. 8. Madorsky and 8. Straus. 


Iglesias. 


Heat of formation of titanium trichloride. W. H. Johnson, 
A. A. Gilliland, and EK. J. Prosen. 
Heat of formation of decaborane. W. H. Johnson, M. \ 


Kilday, and E. J. Prosen 

Ultra low-conductivity water by eleetrophoretic¢ ion exclusion 
W. Haller and H. C. Duecker 

Spectrophotometric determination of the ionization constant 
of dimethylpicric acid (2,4,6-trinitro-3,5-xylenol) in water 
at 25 °C. M. M. Davis, M. Paabo, and R. A. Robinson 
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Accuracy of Monte Carlo methods in computing finite Markov 
chains. N. W. Bazley and P. J. Davis. 
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Incoherent scattering by as a technique for 
studying the ionosphere and exosphere: some observations 
and theoretical considerations. K. L. Bowles. 
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Geophys. Rese arch 65, 1853 1960). 
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Editorial Notice 
Beginning with the January issues the covers of all four sections of the 
Journal of Research of the National Bureau of Standards appear with a changed 
format to emphasize the subject content of each particular section. 
Those ‘who have occasion to make reference to Journal articles—or to 
request issues or volumes of the Journal froin librarians—should continue to 


use the present conventional method of citing such references with the addition 
of the section title, as, for example: 


Kuder, M. L., Electronic scanning microscopy for a spectrographic 


plate comparator, J. Research NBS, 65C (Eng. and Instr.) No. 1, 
i-8 (Jan. 1961). 
W. A. Witpsack, Editor. 
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